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SUMMARY
This thesis describes the results of an investigation carried out 
to compare the effects on the mechanical properties of Ordinary Portland 
Cement paste (CPC) when partially replaced by Pulverized Fuel Ash 
(OPC + 25 wt.% PFA). This was done by evaluating a number of parameters 
at times between 1 day and 1 year at 20°C. At comparatively early ages 
the OPC+PFA was found to be weaker (in flexural strength), less stiff 
(in three point bend), and less tough (in stress intensity factor), and 
vice versa at later ages. However it was also found that flexural 
strength and stress intensity factor displayed maxima at ~28 days. The 
effects of increasing the water/solids ratio and of increasing the 
curing temperature to 50°C were also investigated.
These experiments were extended to check on the validity of the 
above parameters in describing the fracturing process. Changing the 
sizes and notch depths of stress intensity factor specimens illustrated 
the non-applicability of linear elastic fracture mechanics (LEFM) to OPC 
pastes. The observation of a process zone by diffuse illumination 
optical microscopy (DIM), and of Pg/Pp being <100% (a measure of 
non-linearity in a load/displacement curve in the stress intensity 
factor experiments) confirmed this view. A "tied crack" model was 
applied to explain this behaviour up to ~28 days. Between ~28 days and 
one year this model had to be modified to incorporate microcrack 
formation due to internal stress generation and other causes which 
resulted from continued hydration. The OPC+PFA displayed less 
microcracking, which could be ascribed to consumption of calcium 
hydroxide in the pozzolanic reaction and the spherical nature of the 
PFA. The microstructure was investigated by scanning electron 
microscopy which gave valuable supporting evidence to the theories 
discussed above.
Overall, the OPC+PFA gave better mechanical properties by one year.
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CHAPTER 1
1 INTRODUCTION.
"Is there any concrete proof of this theory?" is a question which I 
have often asked myself during the course of this thesis. The word 
"concrete" means not only something which is real or solid, but also the 
common building material. Despite the familiarity with concrete as a 
material, relatively little is known about it scientifically. It is 
only in the past two decades that materials scientists have turned their 
attention to this material. It is hoped that this thesis will enhance 
the understanding of concrete in general, and of cement and pulverized 
fuel ash in particular.
1.1 Introduction To Ordinary Portland Cement.
Most people would describe cement as a finely powdered material 
which, when mixed with water, forms a plastic paste. This eventually 
sets and hardens to a rock-like solid. In general terms, however, a 
cement is an adhesive substance which can bond fragments of other solids 
into a compact whole. In the construction industry cement consists 
mainly of lime compounds, and consequently, these cements are known as 
'calcareous cements'. Furthermore, the cements of interest in 
present-day civil engineering use are 'hydraulic cements'. These are 
defined as materials which set and harden under water by chemical 
reaction with the latter.
The history of the use of cementitious materials for building 
purposes goes back a long way. For instance, the ancient Egyptians used
calcined lime, and then the Greeks and the Romans used calcined 
limestone [1]. The modern era of cement development began in the 18th 
century. In 1824 Joseph Aspdin patented a cement which looked like
Portland stone, and hence, he called it "Portland Cement". The main
type of hydraulic cement used nowadays is called "Ordinary Portland
Cement" (or 'OPC' for short). The prototype of the modern OPC was made 
in 1845 by Isaac Johnson.
In terms of tonnage, concrete (which is made of cement, sand and 
larger aggregates) is the most important constructional material in the 
world. The latest figure for the world production of hydraulic cement 
was 875 million tons during 1981 [2]. The equivalent U.K. production
was 12.7 million tons. Cement is cheap in relative terms, and requires
less energy per unit volume to produce than, for instance, steel. In
brief, the good points of concrete are that it has a high compressive 
strength, a low density, a long term durability, is resistant to
abrasion and many forms of chemical attack, and is easily formable,
non-toxic, and incombustible. On the minus side, concrete has a poor 
tensile strength and lacks toughness. For example, steel has a tensile 
strength of about 1,000 MPa compared to ~5 MPa for concrete . In the
past, improvements in strengths of materials, such as steel and glass,
have been made by investigating the processes involved in the fracture 
of the material. A similar approach was taken in this work.
1.2 The Manufacture And The Composition Of OPC.
The production of OPC is summarized in fig.1.1. OPC is made from a 
calcareous material, such as limestone or chalk, and from alumina and 
silica found in clay or shale. In terms of oxides, the starting
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Fig.1.1 Production of Ordinary Portland Cement.
Table 1.1. Typical OPC oxide compositions [1]
Oxides
17-25 3-8 0 .5-6.0 (1-3)%wt. 60-67
Table 1.2. Approximate limits of OPC composition 
after Clinkering [1,3].
Phases C3 S C 2 S C 3A C 4AF
%wt. 39-73 2-25 7-15 5-11
materials are shown in table 1.1. (In this context it should be noted
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that cement chemists use the following shorthand notation : CaO = C;
Si0 2  = S; AI2 O 3 = A; Fe2 0 3  = F; H2 O = H; and SO3 = S.
Hence tricalcium silicate, 3 Ca0 .Si0 2 , is abbreviated to C 3 S.)
They are ground and mixed, either in a wet slurry or in a dry 
powdered form, depending on the state of the starting materials, and are 
sintered in a continuously charged, long rotary kiln for a few hours at 
1300°C to 1500°C. About 20% to 30% of the raw materials becomes 
liquid in the hottest part of the kiln. On cooling, clinkers of about 3 
to 25 mm in diameter emerge. These are then ground with a little gypsum 
(hence the bracketed figure in table 1.1). The resultant cement powder 
has a specific surface area of 300 m^kg”^ or more. The main phases 
in cement powder are as shown in table 1.2. These account for about 95% 
of the cement. The rest is made up of gypsum, which is added to prevent 
a flash set, a little free lime, and other impurities such as alkali 
oxides. By referring to the appropriate phase equilibria diagrams it is 
possible to calculate the % of phases present in the cement. The most 
commonly used method was pioneered by Bogue in the 1920's [4].
1.3 ^  Of OPC.
When the cement powder is mixed with water, the hydration reactions 
produce calcium silicates and calcium hydroxide mainly. Over a period 
of time the resultant cement paste solidifies. Generally, the cement 
paste (i.e. cement + water) is used only for specialized operations such 
as grouting of oil-wells. The most important function of hydrated OPC 
is to act as a "bulk glue" for the construction industry. Here the 
incorporation of aggregates makes it a more economic material. 
Essentially there are two main uses for it in the building industry.
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Firstly, it can be used as a mortar - which is a mixture of cement, 
sand, and water (typical ratios being 1:3:0.4). The mortar is then used 
to bond together bricks. Another building material, which has already 
been mentioned, is concrete. This is a mixture of cement, sand (-90 Atm 
- 2 mm), large aggregates (-several mm across), and water (typical 
ratios being 1:2.5:3.5:0. 6 by weight). The concrete can be mixed on 
site, can be bought as a "ready mixed" product to which water is added, 
or can be used as a pre-cast structural element. Sometimes additives, 
such plasticizers and accelerators, are added too.
Since concrete is weak in tension, reinforcements are employed such 
as embedded steel rods or more recently, plastic or metal fibres or even 
weaves. Besides being used for general building purposes, concrete is 
used for dams, bridges, swimming pools, etc. Special uses for concrete 
include shielding against nuclear radiation.
1.4 Introduction To Pulverized Fuel Ash Added Cements.
In recent years the cost of energy has increased a great deal, 
which in turn has forced the price of cement to rise. One way of 
relieving pressure on price rises is to incorporate a lower price 
extender material into the cement. Although their use in the United 
Kingdom has been limited, these types of cements have well established 
markets in many areas of the world, e.g. Russia, France, Italy, Germany, 
South Africa, Australia and South America.
Usually, extenders are some sort of a pozzolanic material. A 
"pozzolana" is defined as a siliceous, or a siliceous and aluminous 
material which has little or no cementitious value on its own, but will.
in a finely divided form and in the presence of moisture, chemically 
react with calcium hydroxide at ordinary temperatures to form compounds 
possessing cementitious properties [5]. Common examples of pozzolanic 
materials include volcanic ash, opaline shales, calcined diatomaceous 
earth, pulverized fuel ash, and blast furnace slag. The name 
"pozzolanic cement" comes from the village of Pozzuoli, near Vesuvius in 
Italy [3]. The Romans used volcanic ash from here (or ground burnt clay 
tiles) together with lime to form very good cements. The quality of 
this type of pozzolanic cement is best illustrated by the ruins of 
Pompeii where the mortar is often less weathered than the rather soft 
stone. Other notable structures still held together with this type of 
cement include the Coliseum in Rome and the Pont du Gard near Nîmes.
1.5 Manufacture Of PFA And Its Use In Cement.
In the U.K., blast furnace slag and pulverized fuel ash (or 
"fly-ash", as it is referred to in the United States) are the principal 
extender materials. Pulverized fuel ash (PFA) is the major part 
(70-80%) of the solid combustion products from coal fired electricity 
generating stations (see fig.1.2). PFA is extracted from the exhaust 
system by mechanical separation and/or by electrostatic precipitators.
PULVERIZED burnt ENERGY, GASES
COAL. -------------------> St PULVERIZED
(in an electricity 1500-1700°C FUEL ASH (PFA).
generating station)
Fig.1.2 Production of Pulverized Fuel Ash,
The mixing of PFA and OPC can be done by two methods - either dry
or wet. In the former the dry PFA is either added to the dry clinker
and then ground, or it is blended with the dry pre-ground OPC. In the
wet process the PFA addition is done at the concrete mixing site.
Normally about 20-40% of the OPC is replaced by the PFA.
Table 1.3. Estimated Share of the U.K. Cement Market [9].
Type of Cement. % of Market.
Ordinary Portland Cement / Rapid Hardening Cement 92
Sulphate Resisting Portland Cement 4.5
Low Alkali Sulphate-resisting Portland Cement < 0 . 1
Portland Blast Furnace Cement < 0 . 1
High-alumina Cement <0 . 1
Slag Cement Replacement 0.5
Pulverized Fuel Ash Cement Replacement 
(Masonry cement is not included.)
0 . 8
A study in 1979 [6 ] showed that although 9 million tons of PFA were 
produced in the U.K., less than 2% of this was used to replace OPC. As 
shown in table 1.3, PFA blended cement only accounts for 0.8% of the 
cement market. There are a number of reasons for this poor showing in 
the market. One is the variability of the PFA quality which can create 
problems if used indiscriminately. (However it is possible to buy
A.
guranteed quality PFA commercially nowadays.) In the past OPC has been 
relatively cheap and this may have stunted PFA's share of the market. 
This situation is changing and the PFA share of the market should 
increase in the 1980s and in the 1990s. Besides the general
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conservatism of the building industry, another reason may be the lack of 
standards covering the use of extended cements. At the moment there is 
only one British Standard (BS3892 - (1982)), and another one in the 
course of preparation. Other discouraging factors include the low early 
strengths achieved by PFA added cement pastes and concretes as well as 
the longer setting times which, in turn, can make the mix more 
susceptible to frost damage.
On the other hand there are a number of advantages with PFA added 
cements. Firstly, since PFA is a waste material there are economic and 
ecological benefits from its incorporation into cement. Since PFA 
particles tend to be spherical, the PFA added cement pastes flow more
easily (i.e. the cement is more workable). According to Owens [7], for
a concrete containing 30% OPC replacement by PFA, the slump may increase 
by 60mm (B.S.1881-Part 2 (1970)). Another important factor is that at 
later stages the strengths are actually higher than those achieved by 
OPC alone. This is true both in the case where OPC is partially 
replaced by PFA, and also where some of the fine aggregate is replaced 
[8 ]. Durability doesn't seem to be a problem, and related problems, 
such as permeability, alkali-aggregate reaction, and sulphate attack are
reduced [9]. It is hoped that the current spate of research into PFA
added cement will produce results that will justify an optimistic view 
of the role of PFA as a building material.
1.6 Constituents And Characteristics Of PFA.
Dr.E.Raask [10] of the C.E.G.B. has summarized the types of 
particulate species found in PFA into five categories as shown in table
1.4. It can be seen that the alumino-silicates form the major
8
Table 1.4. The Amount and the Mode of Occurrence of
Constituent Species in Pulverized Fuel Ash [10].
Constituent Wt.% Mode of Occurrence.
Alumino-silicates 60-85 Spherical particles, 0.5 to 50 Aim in dia­
meter, consisting of micro-crystals of 
mullite and quartz in a glassy matrix 
with sulphate particles, 0.1-.0.3 Atm at 
the surface.
Quartz 1 - 1 0 Partly in the glassy matrix as above, 
partly as discrete particles with a 
glassy surface.
Iron oxides 5-25 Partly dissolved in glassy silicates, 
partly as discrete particles of
magnetite.
Coke residue 2-5 Comparatively large and porous particles.
Sulphates 1-4 Chiefly calcium and alkali metal sulphates. 
Occur as fume particles, 0.1-0.3 Atm in 
diameter, captured on the silicate ash 
particles.
percentage of the the PFA. The temperatures reached in the pulverized 
coal flame (1500-1700^0 are enough to fuse the particulate 
alumino-silicates into spheres about 0.5 to 50 /xm in diameter. On 
cooling, the spheres remain vitrified, though partial recrystallization 
may take place. It has been shown that this glassy material may 
constitute over 70% of typical PFA samples [11].
The iron oxide and coke particles in the PFA do not play a 
significant role. They may alter the colour of the cement slightly if 
present in big enough quantities. A careful check is kept on the 
unburnt carbon content as coke particles tend to be porous and may take 
up excess water in the concrete, hence causing an increase in porosity. 
The carbon content should be kept below 7% according to B.S.3892 [12].
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CHAPTER2
2 LITERATURE REVIEW OF MECHANICAL AND MICRÛSTRUCTURAL PROPERTIES.
2.1 Introduction.
As stated in the previous chapter the most important property of 
Ordinary Portland Cement is that it becomes a "rock-like solid" when 
mixed with water. The question then arises as to why does this 
phenomenon takes place. Due to the heterogeneity of the cement, the 
answer to this question becomes rather complex. Firstly there are 
different chemical phases present in the cement which give rise to 
different hydration products. These will contribute to the strength of 
the cement by virtue of the different bond strengths within the hydrated 
phases. The chemistry will also govern the microstructure of the cement 
paste which, in turn, will control the strength. Besides these two 
interrelated properties - chemistry and microstructure - the 
transformation to a rock-like solid is affected by a number of other 
properties which will be examined later in this chapter (such as the 
humidity and the temperature of curing, water to cement ratio, and 
porosity ).
Though concrete is well known for its structural applications, its 
tensile or flexural properties are so bad that generally structural 
designs do not include concrete in any tensile application without 
further reinforcement (e.g. steel). The root of this problem lies in 
the poor tensile qualities of the cement paste which is also dependent 
on the method of preparation. Typically flexural strengths of cement 
pastes are -5-20 MPa whereas the compressive strengths are between 20-70
11
MPa [13]. In addition to the structural uses of cement, recent 
interests have centred around replacing thin plastic sheet type products 
by cement pastes. Both these applications have resulted in an 
increasing amount of research into the tensile properties of cement 
pastes.
2.2 Hydration Of OPC.
A number of theories about the hydration of cement have been 
proposed over the years. Due to there being a number of phases present 
in cement no one theory explains all the hydration processes. Michaelis 
[14] put forward the idea that a colloidal gel mass is precipitated and 
then loses water to form a solid mass. Le Chatelier [15] suggested that 
the anhydrous cement formed a supersaturated solution and precipitated 
out to give a system of interlocking crystals. He also observed that 
the products of hydration of cement are chemically the same as the 
products of hydration of the individual compounds under similar 
conditions. This was confirmed by Bogue and Lerch [16], who also said 
that the products of each reaction may influence another one or may 
themselves react with other compounds in the system.
The main reactions in the hydration of cement are summarized in 
fig.2.1. On hydration both C 3 S and C 2 S produce C-S-H gel and CH.
The hydration of C 3 S takes place over a relatively short time and is 
the cause of early strength in cement. The hydration of C 2 S is a 
slower reaction and may continue over months and even years [17]. Hence 
it is possible that, if fine microcracks develop in the cement 
structure, renewed hydration could heal them [17]. The hydration 
reactions of C 3A and C 4AF give crystalline products, and the former
12
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v.fast but retarded 
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Fig.2.1 The Main Reactions in the Hydration 
of Ordinary Portland Cement.
Glassy alumino- 
silicate phase
slow
Ca(0 H ) 2
(from OPC 
hydration)
--^  b“n Cjei
Fig.2.2 The Pozzolanic Reaction of
Pulverized Fuel Ash.
reaction is very fast (hence capable of giving rise to a "flash set"). 
Gypsum is added to slow down this reaction. The above description gives 
a simplified image of the reactions taking place. For example, the 
C-S-H gel has been found to contain S, Al, and Fe ions, and the exact 
composition of the gel has been investigated extensively (see Diamond
[18] for review).
One of the methods of following the hydration reaction of OPC is to 
use a sensitive conduction calorimeter to measure the rate of heat 
evolution while the specimen remains in almost an isothermal state. 
Curves such as the one shown schematically in fig.2.3 are obtained [see 
17 too].
On mixing the water and the cement there is a few minutes of high 
heat evolution followed by a minimum. This is known as the "dormant" or 
the "induction" period. After this a broad second peak follows which 
has a maximum at around 9 or 10 hours. After this the evolution rate 
drops, although there may be a small third peak after a day or so.
The most interesting feature of the heat evolution curve is the 
existence of the dormant period, as this is not normally observed in 
other solid state reactions. Since a large percentage of the OPC 
consists of C 3 S, and since this is the phase largely responsible for 
strength of the OPC paste, many investigations have centred around the 
hydration of C 3 S. The heat evolution curve for C 3 S hydration is 
rather similar to that of OPC except that there is no third peak, and 
that the first peak is not as prominent.
A number of theories have been put forward to explain this form of 
the heat evolution curve. Skalny and Young have reviewed this topic
13
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FIGURE 7.1 Variations in the Rate o f Heat Evolution in the Hydration of 
Ordinary Portland Cement (water to cement ratio 0.4)
Fig.2.3 Variations in the Rate of Heat Evolution in the Hydration 
of OPC (0.4 w/c). [From "Portland Cement - Composition, Production
and Properties" by G.C.Bye. Pergamon Press (1983).]
[19], and have identified four different, though not mutually exclusive 
theories
(a) Nucléation of 2nd Hydrate.
In the 1960s [20] it was suggested that two types of hydrate are 
formed. In the beginning a protective layer of the first hydrate (with 
composition C 3 SHn)is formed. This gives rise to the dormant period.
The nucléation of a second type of hydrate (C-S-H), which is more 
permeable to water and ions, signals the end of the dormant period.
(b) Calcium Hydroxide Nucléation.
Young et al [21] have correlated the time of occurrence of the 
maximum in the Ca^ '*' concentration in the liquid phase of the C 3 S 
paste with the end of the induction period, and have also noted that 
this is the beginning of the CH nucléation.
(c) The Role of Crystal Defects.
This theory suggests that there is no protective layer of the first 
hydrate. Instead water is merely chemisorbed at surface defects of the 
C 3 S grains. The dormant period can then be thought of as the waiting 
time before a sufficiently large numbers of C-S-H nucléations give rise 
to an acceleration in reaction.
(d) The Osmotic Model♦
Over the last decade or so the hydration process has been described 
by a new model which was put forward by Double and Hellawell [17,22], 
and also by Birchall, Howard, and Bailey [23]. This model is based on 
the suggestion by Powers [24] that osmosis is the driving force behind
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the hydration mechanism. This process is best followed by reference to 
fig.2.4. When the dry cement powder is mixed with water the latter 
penetrates the interstices created by the differently shaped cement 
grains (fig.2.4(a)). The water leaches out calcium ions from the 
surface of the grains to form a calcium hydroxide solution with minute 
traces of silica in this aqueous phase. The silica rich top layer of 
the cement grain then reacts with the calcium hydroxide to form an 
amorphous gel envelope which acts as a semi-permeable membrane. Water 
diffuses through it due to the osmotic pressure caused by the more 
concentrated solution inside the envelope. (Meanwhile the high 
concentration of calcium hydroxide in the interstitial aqueous phase 
causes the precipitation of calcium hydroxide (CH) crystals.) As osmotic 
pressure inside the gel envelope increases a stage is reached when the 
envelope is ruptured locally. This brings the silicate-rich solution 
inside the envelope into contact with the calcium ion rich solution 
outside, which produces more C-S-H gel. This can grow in a tubular or 
foil like morphology which is also observed in the analogous "silicate 
garden" systems [22,25,26]. Data supporting this hypothesis have come 
from studies in calorimetry, aqueous solution chemistry, and electron 
microscopy. It should be pointed out however that this is only a 
hypothesis, and that there is a certain amount of controversy over the 
exact details of this model.
2.3 The Pozzolanic Reaction.
The glassy alumino-silicate material in the PFA is responsible for 
the pozzolanic reaction. This dissolves slowly in the CH solution which 
is one of the reaction products of the hydration of OPC (see fig.2.1).
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Fig.2.4(a-c) Stages of OPC Hydration in the Osmotic Model.
The pozzolanic reaction produces hydrated calcium silicates (see 
fig,2.2). However Rayment [27], and Mohan and Taylor [28] have found 
that the C-S-H gel produced by this reaction has a lower C/S ratio than 
the C-S-H produced by the hydration of the OPC.
Mohan and Taylor [28] have also found that about 15% of the PFA 
reacts in 28 days, and 45% in one year. In this context it should be 
noted that the term "pozzolanic activity" is often used to classify 
different pozzolanic materials according to their readiness in 
undergoing the pozzolanic reaction. However, it is difficult to define 
or evaluate the "pozzolanic activity". The British Standard definition 
is a ratio of the compressive strengths of an OPC+PFA mortar and a 
control OPC mortar with equal flow properties [12]. It is also possible 
to evaluate the pozzolanic activity by chemical means. One relatively 
quick method was described by Raask and Bhaskar [29] which involved the 
measurement of the electrical conductance of the ash sample dispersed in 
a dilute (0.1 molar) solution of hydrofluoric acid (HF). However, due 
to a lack of any general correlations between the different parameters 
which can be taken to represent the pozzolanic activity, there is no 
simple general method for evaluating it for all materials which behave 
in a pozzolanic manner. (See Sersale [30] for review of this topic.)
Like the OPC hydration mechanism, the actual mechanism involved in 
the hydration of the pozzolanic cement is relatively unclear. 
Furthermore, unlike the OPC case, the number of papers on this topic is 
small. Takemoto and Uchikawa [31] have reviewed the data available and 
have come up with a model which is based on the osmotic model. Briefly 
this involves the precipitation of CH on the pozzolanic grain, followed 
by the formation of a C-S-H gel layer, and its eventual rupture (due to
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osmotic pressure) and formation of further C-S-H gel as the inner 
silica-rich solution reacts with the outer calcium-rich solution. Once 
again it must be pointed out that this model is only an hypothesis and 
further work must be done in order to verify this.
2.4 Strength Producing Mechanism In OPC.
The fundamental strength-producing mechanism in cement is not fully 
understood. A wide consensus of opinion [1,3] suggests that van der 
Waals' forces have a major role to play. This is not surprising as the 
distances separating hydrating particles are in the 15-20Â region, and 
there is an enormous specific surface area (about 30 - 700 m V g  [32]) 
in the colloidal cement paste. Another source of strength are chemical 
bonds between particles. These are stronger than the van der Waals' 
forces but cover only a small fraction of the boundary of the gel 
particles. However the chemical bonds must be present in large enough 
quantities to prevent the dispersion of the particles when the cement is 
penetrated by the water (unlike materials such as clay). The osmotic 
model also predicts a certain amount of strength due to the interlocking 
of fibrils or foils.
2.5 Other Factors Relating To Strength Of OPC Pastes.
Besides the variablity in the chemical composition of the cement 
powder, the other variable in cement pastes is, of course, the amount of 
water present. The water is retained in a cement paste at a specific 
age with various degrees of firmness. In one extreme it could be part 
of a chemically bonded hydration product. On the other hand it could 
exist as free water in the capillary pores which are the original
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water-filled spaces of the fresh cement pastes. The water is also held 
by the gel by hydrogen bonding or by surface adsorption.
Since it is difficult to calculate accurately the amount of 
chemically bound water in hydrated OPC, it is normal to consider 
non-evaporable water as a criterion for measuring how much water is held 
by the gel (as opposed to capillary porosity). In a well hydrated 
cement this non-evaporable water accounts for 18% by weight of the 
anhydrous material, and for a fully hydrated cement this rises to 23%
[1]. However full hydration is not possible in practical cases. This 
means that a typical cement paste has a higher water content than that 
needed for hydration. This excess water is found in pores which may act 
as weak points. Lowering the water/cement ratio can reduce this problem 
but the fluidity and the workability of the cement may be affected. 
This problem can be overcome by incorporating workability aids such as 
lignosulphonic acids which deflocculate the cement particles.
The temperature of curing is important. In general, higher 
temperatures lead to higher early strengths, although the later 
strengths may be reduced [33]. This is attributed to the build-up of a 
dense coating of hydration products in the vicinity of the hydrating 
grains, thus inhibiting further hydration [13]. In addition to the 
temperature effect, the amount of relative humidity during the curing 
and testing procedure is also important. If the humidity is too low 
then the cement may dry out leaving it only partially hydrated and weak. 
A damp covering is often used to cure the cement in industry. Not only 
does this help to keep the cement moist but also lowers the temperature 
to prevent thermal cracking.
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2.6 Factors Affecting The Strength Of Concrete.
Typically, concrete has flexural strengths between 2 and 8  MPa, and 
compressive strengths between 10 and 60 MPa [3]. Both these sets of 
figures are lower than those for OPC pastes (see section 2.1). This 
difference may be explained by thinking of concrete as a composite 
material made of the following phases
(1 ) coarse aggregates
(2 ) fine aggregates
(3) cement gel
(4) unhydrated cement particles
(5) other products of hydration
(6 ) capillary pores
(7) gel pores
(8 ) entrapped air voids and cracks.
Generally the aggregates are considered to be inert chemically or 
physically during the hydration process. They are also stiffer and 
stronger than the cement paste. Consequently one can think of the 
concrete of being made of two phases - (a) strong inert particles (i.e. 
aggregates), and (b) a less stiff, and a weaker matrix (i.e. cement 
paste). The important factor in this system is the bond between the 
cement paste and the aggregate [3]. If the bonding is poor, it may 
become a factor in lowering the strength of the concrete. One of the 
main causes of bond failure is shrinkage during the drying of the cement 
paste. Associated with this is the moisture gradient induced cracking 
in hardened cement. As the surface loses water tensile stresses are set 
up on the outside while compressive stresses are set up inside the 
hardened cement.
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2.7 Stress Vs. Strain Behaviour Of Concrete.
In the past investigations into the failure of concrete have 
largely revolved around compressive testing ( - see [34] for typical 
experimental procedure). This was not only because of concrete's 
structural applications but also because it is difficult to apply a pure 
tensile force which is free from eccentricity. Furthermore a tensile 
test is complicated by secondary stresses induced by the grips or by 
embedded studs [3].
The stress-strain curve for concrete compressive test specimens is 
not entirely linear. After about 30% of the ultimate load the hitherto
linear curve starts to deviate due to an increase in the length, width, 
and number of bond cracks. By the time that 70% of the load is reached 
the cracks tend to form networks and the curve deviates from linearity 
appreciably [35]. Consequently concrete may not be considered as an 
ideal brittle material. Furthermore, the compressive failure stress 
varies with the geometry and the manner of force application [36]. It 
is also possible that compressive failure occurs under the action of 
secondary induced tensile forces (i.e. Poisson's effect).
Due to the more fundamental nature of tensile strength, and because 
of the desirability of improving it, the current investigation
concentrates on the tensile failure mode. In addition, the work was 
restricted to cement paste, and to its admixture with PFA, so as to 
reduce the complexity of the investigation. However, it should be 
pointed out that when pulverized fuel ash is added to the cement, in the 
very early stages of hydration the PFA particles may act like very fine 
inert aggregates.
20
2.8 Theory Of Fracture Mechanics.
It is a well known phenomenon that brittle materials, such as 
glass, fail at stresses one or two orders of magnitude lower than that 
predicted by strength estimates. This has been explained by the 
concentration of stress in the vicinity of crack tips. In real 
materials these type of cracks or scratches may occur due to crystal 
defects, fabrication procedures, and mechanical handling. These may 
give rise to high local stress concentrations which, under suitable load 
orientation, may exceed the tensile strength of the material although 
the overall tensile stress is much lower. Therefore the strength of a 
brittle material is not only governed by material properties (such as 
bond strengths) but also by structural imperfections.
For a homogeneous and a linearly elastic body the drop in strength 
can be calculated. Griffith [37], who pioneered the concept of fracture 
mechanics in the 1920's, approached this problem from a thermodynamic 
point of view. He examined the case where a line crack of length 2c 
existed in a plate of infinite length. He combined two contributions to 
the energy of the system. One was the strain energy of the system 
arising out of the work done on the system by the applied forces, and 
the other was the energy required to form new fracture surfaces of the 
extending crack. Using a stress analysis by Inglis [38], the model 
showed that both the energy contributions were functions of the defect 
size. The criterion for a catastrophic extension of the crack was that 
the strain energy release rate was at least equal to the energy required 
to form the new surfaces as the crack propagated. Hence the critical 
failure stress {(Sq) was calculated to be
d'c = zs/zEy/cY Eq.2.1
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where y is the specific surface energy, E is the modulus of elasticity, 
and Y is a geometrical factor which is equal to IT for the Griffith case.
Irwin [39] and Orowan [40] extended the Griffith criterion to take 
into account plastic deformation near the crack tip by adding a plastic 
work term to the X term in eq.2.1. Thus the Irwin-Orowan relation is
tfc =V2E(y+Kp)/cY Eq.2.2
where Vp is work done in plastic deformation per unit area of crack
extension.
Irwin also looked at the problem from the stress field point of 
view [41]. By using appropriate stress functions to describe the stress 
fields in the immediate vicinity of the tip of a crack of zero thickness 
he arrived at an equation of the form
<fc = Kic/(Ycl/2) Eq.2.3
where Kjc is the critical stress intensity factor. The subscript "I" 
refers to the mode of crack opening, which in this case is the "opening" 
mode (as opposed to mode II (sliding mode) or mode III (tearing mode)). 
The other subscript "C" refers to the critical value at failure.
Kic is a material constant for a homogeneous and linearly elastic 
material. Sometimes it is also called the fracture toughness, which is 
also used sometimes to describe the surface energy term in the Griffith 
equation (eq.2.1). The two can be equated in the Griffith case (when Y 
= 1T in eq.2.3) as follows
Kjc = (2EiT)^ Eq.2.4
The above equation is correct for the plane stress case. However 
in the plane strain case the Poisson's ratio, V, has to be taken into 
account, and eq.2.4 becomes
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Kic = V ( 2 E n / ( W ^ )  Eq.2.5
It' is possible to incorporate a certain amount of non-elastic 
behaviour and inhomogeneity into the Kjc approach. Empirically it has 
been found that if the scale of the inhomogeneity and the size of the 
inelastic zone is small compared to the specimen and crack dimensions 
the Kjc measurements will still be accurate.
When the size of the inelastic zone becomes extensive, the size of 
the testpiece becomes too large for routine laboratory testing. In such 
cases the critical crack-tip opening displacement ( is used as a 
fracture criterion when using relatively small specimens. Dugdale and 
Barenblatt developed this idea independently for plastic materials, and 
for perfectly brittle materials respectively. Further discussion of the 
Dugdale model follows in the next section and is elaborated upon in the 
"Discussion" chapter of this thesis.
2.9 Application Of Fracture Mechanics To Cement And Concrete.
The concepts of fracture mechanics discussed in the previous 
section have been based either on ideally homogeneous and linearly 
elastic materials, or on cases where the scale of the inhomogeneity and 
the inelastic region are small compared to the specimen dimensions. 
However, cement and concrete are heterogeneous materials, and concrete, 
in particular, is not linearly elastic. Over the last twenty years or 
so there has been a debate over the applicability of fracture mechanics 
concepts to cement and concrete.
Generally toughness has been evaluated using artificial cracks 
(such as sawn or as-cast notches) in specific specimen geometries.
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Investigations usually started by assuming that linear elastic fracture 
mechanics ("LEFM") apply to cement or concrete. Then by varying
parameters such as notch depth and specimen size, the validity of the 
LEFM model was tested. (For review see Radjy and Hansen [42].)
Historically, investigations on concrete preceded the ones on 
cement (probably due to commercial reasons). In 1961 Kaplan [43] was 
the first to apply fracture mechanics to concrete. He concluded that 
the fracture toughness did not change appreciably with different notch 
depths, but small specimens were less tough than larger ones. Though he 
found some evidence of slow crack growth prior to fast fracture, he 
thought that LEFM was applicable to concrete. Nauss and Lott [44], and 
Lott and Kesler [45] also found that toughness parameters were 
independent of the notch to depth ratio.
However, Shah and McGarry [46] found that toughness decreased with 
an increase in the notch to depth ratio. Furthermore Walsh [47] found 
that specimen size affected the notch sensitivity of the concrete. He 
concluded that LEFM was applicable to concrete only when the depth of
the beam was at least nine inches.
The addition of aggregates to mortar or cement appears to increase 
the surface energies by a major amount. This has been observed by a
number of workers [44-46,48]. For example, Naus and Lott [44] found
that a concrete of 0.6 w/c has a Kj^ of 0.63 MPam^^^, whereas a 
mortar with the same w/c has a K jq of 0.41 MPam^^^. Moavenzadeh and 
Kuguel [48] have explained this phenomenon in terms of crack branching 
in the concrete. Alford and Poole [49] have shown that the shape and 
the surface texture of aggregate can influence the toughness of the
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concrete.
Though nowadays it is generally accepted that LEFM cannot be 
applied to concrete without certain reservations, the case with cement 
paste is the topic of much recent debate. Birchall et al [50] 
attributed the poor strength of cement to large voids which act as 
Griffith type flaws. By removing these voids (~1-0.1 mm in size) they 
produced a "macro-defect free" cement (MDF) with flexural strengths of 
up to 60-70 MPa. In later publications [51-53] they have quoted 
flexural strengths of 150 MPa or more. They modified the Griffith 
equation to take into account the porosity (P) of cement as follows ;- 
dc = [EoRo(l-P)^exp(-dP)/irc]^ Eq.2.6
where Eq and Rq  are zero porosity values of Young's modulus and 
fracture energy, and d is an empirical constant. Alford et al [54-55] 
have also compared MDF cement pastes with ordinary cement pastes, and 
have come to the conclusion that optically visible macro-pores are 
responsible for the poor strength of ordinary cement pastes. Using 
transmission electron microscopy they have also found that the fine 
scale microstructures of ordinary pastes and MDF pastes are similar.
Though the notion of the effect of removing these macrocracks seems 
plausible there are a number of other factors which must be taken into 
account. Work by Higgins and Bailey [56-57] showed that the fracture 
toughness of ordinary cement paste increased with specimen depth, and 
hence the simple application of the Griffith theory is not permissible. 
By doing 3-point flexural tests over a large range of notched sample 
sizes they obtained a geometry-independent notch sensitivity curve for 
0.3 w/c. It was found that this curve was best described by the Dugdale 
model (see p.67 of [58]). Hence a "tied crack" model was proposed which
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predicted a yield stress of 12 MPa (which compared well with the deduced 
ultimate strength of 15 MPa). A process zone of around 1 mm or so and a 
critical crack opening displacement of 1 #m were also predicted. These 
values were confirmed by diffuse illumination optical microscopy [57]. 
The tied crack model also predicted that the strength would not be 
vastly improved by removing macro-flaws due to the large effective 
curvature of these flaws. This has been confirmed by studies on 
de-aired cement pastes by Eden and Bailey [59]. Only a 15% increase in 
mean flexural strength was found in these vacuum de-aired pastes, as 
predicted by the Dugdale model.
It has also been pointed out [60] that the Young's modulus of MDF 
cement is about twice that of normal pastes. It is possible that basic 
structural properties have been changed. Furthermore, the manufacturing 
process of the MDF cement paste involves the use of a water-dispersible 
polymer as a rheological aid. Since tests on MDF cement pastes have 
been carried out on dried specimens it is possible that the polymer may 
regulate loss of water, prevent drying shrinkage, and possibly encourage 
better bonding due to its own adhesive qualities.
Though the exact mechanism of the increase in strength achieved in 
these MDF pastes remains a matter of debate, the improvements achieved 
have opened up new horizons for their applications. Thin sheet-type 
products such as bottle tops [53] is one of these possible applications. 
Other dramatic illustrations of its potential include springs made from 
this material [61].
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2.10 Mechanical Properties Of PFA Added Cement And Concrete.
Most studies on the mechanical properties of PFA added cement and 
concrete have concentrated on the compressive testing of PFA added 
concrete. This is again because the end use of this material will also 
be in compression. In addition, since the pozzolanic reaction is slower 
than the hydration of the OPC, time and temperature are major 
considerations in this system.
A number of workers [7,9,33,62] have found that in the early stages 
of curing the compressive strength of PFA added concrete (where the PFA 
has partially replaced the OPC) is less than the corresponding control 
OPC concrete at 20°C. At later stages the reverse is true. Bennett 
[9] found the strength "crossover" point to be at 56 days, but this may 
vary according to the type of OPC and the type of PFA used. In general 
lower compressive strengths are encountered for PFA added concrete for 
up to about 3 months of curing, and the strengths are greater after 6  
months [8 ].
Large pours of concrete for making large structures (e.g. dams) 
often give rise to high temperatures inside the pour due to the 
exothermal OPC hydration reaction. So compressive tests are carried out 
on PFA added concrete at higher temperatures also (typically 50°C). 
One study [62] showed that at high temperatures gains in strength are 
likely to occur with cement composed of OPC+PFA, compared with OPC 
alone.
Dalziel [33] compared the flexural strengths of an OPC mortar with 
those of a mortar with 20% of OPC replaced by PFA. This showed that for 
curing temperatures of up to 50°c, the presence of PFA increased the
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long term strength by ~40%. For young specimens the rate of strength 
gain increased as the curing temperature increased, and was also more 
rapid in the PFA case due to the enhanced pozzolanic reaction at higher 
temperatures. The crossover point between the two types of mortar was 
over 200 days at 20°C, and was around 4 or 5 days at 50°C.
Work on mechanical properties of cement pastes (as opposed to 
concrete) containing PFA are limited. Huang Shiyuan [13], working on 
compressive and flexural strengths of PFA added cement pastes, found 
similar crossover profiles of age vs. strength curves to those obtained 
by other studies involving concrete and mortar. However, he did note 
that there was a reduction in both compressive and flexural strengths at 
later stages, and that this regression was reduced by increasing amounts 
of OPC replacement by PFA (30 to 40% replacement gave rise to no 
regression).
According to Massazza [63], the relative slowness of the pozzolanic 
reaction is responsible for the low early strengths at room temperature 
and the higher ultimate strengths. The long term strength is also 
partially explained by the fact that C 3A and C 4AF hydrations are 
retarded by the PFA. This may increase the volume of the C-S-H gel 
[64]. Another important factor is the increased workability [7] and the 
consequent reduction in air entraining capability [8 ]. Hence the 
compaction is better in a concrete or cement paste where the OPC has 
been partially replaced by PFA. This leads to higher strength in the 
long term.
To date no papers have been published regarding the fracture 
toughness of or the applicability of LEFM to PFA added cement. In view
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of the enlarging market for this type of cement, the present study 
concentrates on this aspect of the topic.
2.11 Microstructure Of Cement Paste.
The microstructure of cement paste has been the subject of 
investigation since the middle of the last century [15]. Optical 
microscopes were the main tools before the advent of the electron 
microscopes. Unfortunately, light microscopes are limited by their lack 
of high resolution and the small depth of focus. However it is possible 
to get some information by examining thinned sections in transmitted 
light after staining [65].
Despite the limitations of the optical microscope it has one 
advantage over the electron microscope, in that the specimen can be 
viewed in a wet condition in the former. This, along with the fact that 
cement is slightly translucent, led Higgins and Bailey [57] to use a 
diffuse illumination technique to view stable microcracking prior to 
catastrophic failure in cement pastes. Using this technique it is 
theoretically possible possible to see microcracks between 0 . 1  urn and 1  
Aim in width. The implications of these observations have been discussed 
in section 2.7 already.
Electron microscopy revolutionized the concepts of cement 
microstructure. In theory, transmission electron microscopy should give 
a high resolution. However, this technique requires the use of ultra 
thin specimens. These can be obtained by ultrasonic means or by 
ion-beam thinning, but the methods involved are not particularly 
reliable and there is a danger of mechanical damage being introduced in
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the thinning process. Another TEM technique involves the replication of
the cement surface on a carbon film. This suffers from a reduction in
resolution, and it is difficult torelate back to the original
microstructure [18].
In the early 1970's a new generation of transmission electron 
microscopes were built incorporating a high electron acceleration
voltage (1 million volts). As these machines could be used to look 
through thicker specimens, "wet-cells" were used to view the hydrating 
cement grains [22,66,67]. The wet cell consisted of a thin sealed cell 
with electron transparent windows, containing the hydrating cement 
particles in-between. The results from these studies led to the osmotic 
model of hydration being proposed (as discussed in section 2 .2 ).
Another TEM method involved the embedding of TEM grids into a 
cement paste enclosed in a sealed cell [6 8 ]. When the appropriate 
period of hydration was completed the glass cell would be broken open 
and the grids extracted. The grids normally had enough material 
sticking to it for observation in the TEM. This method had the 
advantage of not involving any thinning operations, and realistic water 
to cement ratios could be used. However, the specimens still had to 
undergo a high vacuum in the TEM.
A more popular form of electron microscopy is the scanning mode. 
Its appeal lies in its simple specimen preparation (which just involves 
evacuation and coating with a conducting material such as gold or 
carbon) and the relatively three-dimensional structure perceived from 
the pictures. A large number of studies has been carried out ever since 
the pioneering work of Chatterji and Jeffrey in 1966 [69].
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Diamond reviewed this topic extensively in 1976 [18]. He found
that there were essentially four types of C-S-H type particles. He 
described type I as being fibrous particles, typically 0.5-2.0 m  in 
length, and 0.2 Aim in diameter. They are sometimes branched at the 
outer tip, and have a variety of morphology, e.g. lath-like, rolled 
sheets, hollow tubes, and more often, solid. Type II is a reticular 
network of fibres similar in dimensions to type I. Type III was 
described as equant or flattened grains often below 0.3 Atm across. The 
fourth type consists of inner hydration products which form within the 
initial outlines of the original cement clinker grains. These have a 
dimpled appearance. The grain size is about 0.1 Atm.
Calcium hydroxide accounts for about 20 wt.% of the hydrated 
products [18]. At early stages of hydration CH occurs as thin hexagonal 
plates, often tens of Atm across. As hydration proceeds these grow in 
size, and lose their shape. They can be detected by their smooth 
featureless surfaces and parallel planes.
Ettringite and calcium aluminate monosulphate hydrate are amongst 
the other minor phases present. The ettringite occurs as unbranched 
hexagonal prisms, or as needles 4-5 Atm long. The monosulphate phase is 
similar to CH in morphology but smaller.
Diamond then described the micromorphology of cement paste as 
follows. Up to a few days old, the type I C-S-H gel, ettringite and CH 
are the dominant features. Type II structure may also form at this 
stage. At later stages type III & IV C-S-H and the massive CH deposits 
predominate. However, it should also be pointed out that type I 
structures are more abundant in pastes of higher water/cement ratio
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(e.g. 0.7 w/c) where there is relatively more space for growth.
In a recent study, Dalgleish et al [70] confirmed this description 
by using a freeze drying technique for SEM specimen preparation. They 
also found that in young pastes the crack was more tortuous and avoided 
regions where CH had precipitated to form rigid inclusions. In mature 
pastes they found that the crack path was less tortuous, and 
trans-particle fracture predominated.
Mindess and Diamond [71-72] have built a wet cell equivalent for 
the SEM. It has been used for looking at crack patterns in cement paste 
and mortar under compressive loading within the specimen chamber of the 
SEM. Preliminary results show that there is a considerable amount of 
crack propagation before complete failure takes place. It should be 
noted that though the specimen chamber was exposed to water-saturated 
air, it was also being evacuated continuously for SEM observation. 
Consequently, though the specimen was not evacuated completely, neither 
was it under water during the test.
2.12 Microstructure Of Pulverized Fuel Ash Added Cement.
Unlike the case of OPC pastes, the number of investigations on the
microstructure of PFA added cement pastes is small and evidence is 
fragmentary. Most of the pictorial evidence has come from SEM studies. 
Huang Shiyuan [13] looked at OPC pastes with 20% being replaced by PFA.
Many of the features observed by him were similar to the types of OPC
microstructure described in the previous section. There were also some 
differences.
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In the early stages of curing (e.g. 3 days) at 20°C he observed
that many PFA spheres had bare, smooth, and unreacted surfaces. Some
spheres did have very thin and short fibrils (-0 .1 -0 . 2  m  in length), 
and an even fewer number had longer fibres. This indicated that at 
early ages the PFA acted as inert particles.
By about 8 days some type I C-S-H gel structure was observed around
some particles, thus showing early signs of the pozzolanic reaction. At
28 days the type I structure predominates but type III can be found in 
many places too. The structure at later stages (e.g. 100 and 180 days) 
was found to be similar to type III C-S-H gel structure found in OPC 
pastes. Huang Shiyuan also noted that unlike OPC, PFA reacts to a 
smaller degree even at late ages. The degree of the reaction was 
thought not to exceed 40-50%.
Diamond et al [73], working on 0.5 water/solid (w/s) pastes of 50% 
OPC + 50% PFA, have found duplex films on PFA surfaces after 1 day of
curing. They suggest that the duplex film consists of a calcium 
hydroxide layer covered by C-S-H gel structure. This occurrence of 
duplex films on exposed inert surfaces (e.g. walls of containers, and 
embedded wires) in hydrating cement systems has been observed by Barnes 
et al [74], and by the present author [75]. Diamond et al conclude from 
this observation that the long term pozzolanic reaction must take place 
through this "skin" and is probably diffusion controlled. They also
suggest that the more inactive OPC grains may undergo a similar process.
Another interesting feature in the OPC/PFA system has been reported 
by Entin et al [76]. During the early stages of curing the PFA becomes 
separated from the hydrating mass by a gap of 1 - 2  Aim in thickness.
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Takemoto and Uchikawa [31] have tried to explain this phenomenon in 
their osmotic model of the pozzolanic reaction (see section 2.3). They 
suggest that the gap arises because of the high alkali concentration 
between the amorphous envelope and the PFA particle. The alkali is 
leached out of the PFA particle and prevents the deposition of C-S-H gel 
in this alkali rich region. They have come to this conclusion after 
working with ordinary and alkali-treated quartz in a C 3 S paste.
All these new aspects to the microstructure of the OPC+PFA pastes 
should make it a worthwhile subject to investigate. Briefly, in the 
early stages the inert PFA particles should weaken the structure. 
However at later stages the increasing amount of pozzolanic reaction 
products should enhance mechanical properties. The occurrence of the 
gap around the PFA particles may be responsible for increasing the 
toughness of the material as these may blunt the crack. Therefore, it 
would be useful to try to correlate some of these microstructural 
features with the mechanical properties.
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CHAPTERS
3 EXPERIMENTAL DETAILS.
3.1 Introduction.
The phrase, "time is a great healer", is a familiar one, but it is 
especially apt when applied to cement. As discussed already in the 
previous two review chapters, the hydration reaction and the strength 
gaining mechanism can take place over a number of years, although 
sufficient structural strength may be attained in a matter of days. The 
pozzolanic reaction between the pulverized fuel ash and the calcium 
hydroxide, produced by the hydration of OPC, is a slow one. Thus 
incorporating PFA into cement makes time an important variable when 
comparing properties of a PFA added paste with the corresponding OPC 
paste.
This chapter presents the experimental details involved in 
comparing the effect of replacing 25 wt.% of OPC by PFA. Mechanical 
properties, such as compressive strength, flexural strength, Young’s 
modulus, and fracture toughness, have been investigated for up to 1 
year. (The measurements were made after 1,3,7,28 days, 3,6,9 months, 
and 1 year.) The effects of altering the water/solid (w/s) ratio, the 
curing temperature, and the specimen geometry and size were also 
investigated. The microstructures were examined using electron and 
optical microscopy.
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3.2 Experimental Details
3.2.1 The Materials. -
Two batches of cement were provided by the sponsors of this study.
One batch was just OPC, and the other contained the same OPC with added
PFA (to give a 75wt.% OPC + 25wt.% PFA mixture). Each batch was blended 
to ensure less variability between different castings made from it. 
Then the batches were stored in a number of sealed metal containers in
order to retain the "freshness" of the cement powder.
Table 3.1 Chemical compositions of the OPC and the PFA used.
« M O T  VWMMBWWHM.
Chemical Species OPC OPC+PFA(25 wt.%) PFA
Si0 2 2 0 . 1 28.4 51.3
AI2 O 3 4.7 10.4 27.4
FegOg 2.5 4.2 9.2
Mn2 0 3 0.18 0.13 0.07
P2 O 5 0 . 1 2 0.15 0.23
Ti0 2 0 . 2 2 0.41 0.97
CaO 64.4 48.6 1 . 2
MgO 2 . 1 2 . 0 1 . 6
SO3 2 . 6 2.4 0.92
L.O.I. 1.4 1.3 2 . 6
K 2 O 0.72 1.4 4.1
Na2 0 0 . 2 0.36 1 . 2
F 0 . 1 0 0.07
Free lime 2.5 1 . 8
PFA - 25 1 0 0
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Table 3.2 Bogue compositions [4^ j of the OPC used
Phases C 3 S C 2 S C 3 A C 4AF
% wt. 67 7 8 8
The chemical compositions of the cements are shown in table 3.1. 
The amounts of SiÜ2 , AI2 O 3 , Fe2 Û 3 f and the alkalis are higher 
in the PFA than in the OPC. On the other hand there is only 1.2 wt.% of 
CaO in the PFA whereas the figure for OPC is 64.4 wt.%. The chemical 
compositions of both PFA and the OPC show that they are in the typical 
range as far as U.K. is concerned. However, the OPC does have a 
slightly higher C3 S content if the Bogue analysis [4] is done (see 
table 3.2). It should be noted that the Bogue analysis underestimates 
the C 3 S content, and overestimates the C 2 S content, because other 
oxides replace some of the CaO in the C 3 S.
The particle size distribution was obtained for each of the cements 
as well as the PFA on its own. The equipment used was the Malvern Laser 
Particle Size Analyser. This involved the passage of a laser beam 
through an organic liquid suspension of the powder which diffracted it. 
The amount and the degree of the diffraction was dependent on the 
particle size distribution. Using appropriate light sensors and a 
computer programme, the cumulative weight frequency curves (shown in 
fig.3.1) were obtained. It can be seen that all the three powders 
tested were similar in particle size with the PFA being slightly finer 
than OPC. Most of the particles were in the 10-50 Aim range. Another 
way to measure fineness is to determine the specific surface area by the
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Fig.3.1 Cumulative Distribution of Particle Size.
air permeability method described in B.S.4550 ; Part 3 : Section 3.3 :
(1978). This test also reflected the similarity between the two cements 
(see table 3.3). Other B.S. tests showed that the PFA concrete took 
longer to set, but was more workable (see table 3,3 also).
Table 3.3 Fineness, Setting times, and Slump test figures 
(according to B.S.4550,12,1881) for OPC and OPC+PFA concrete.
Property OPC OPC+PFA.
Specific Surface Area (m^/kg) 405 397
B.S. setting times
Initial (minutes) 105 175
Final (minutes) 145 225
Slump (mm) 40 78
3.2.2 Casting And Testing Procedure. -
It was decided to do the castings at 0.3 water to solid ratio 
(w/s), as more water may lead to bleeding and less would entail a loss 
in workability. (A study of different w/s ratios was also carried out, 
and the casting procedure is described later.) A weighed amount 
(normally 3 kg) of the cementing solid was placed in the bowl of 
planetary motion rotary mixer ("Kenwood Chef") and an appropriate amount 
of distilled water was added. This was manually mixed for about a 
minute so that when the mixer was started the chances of any splashing 
would be reduced. The mixer was then turned on at the lowest speed for 
a minute, followed by medium speed ("5" on the regulating dial) for 8 
minutes, and finally one minute at the lowest speed. This procedure was
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followed in order to mix efficiently. The bowl containing the paste was 
then vibrated on a vibrating table for one minute. The cement paste was 
then cast into steel moulds (16 x 4 x 4 cm) which had been lubricated 
with mineral oil. These were vibrated again for three minutes in order 
to get rid of large bubbles.
The cement was left to cure in a fog room (at ~100% relative 
humidity) for 24 hours. The blocks of cement were then demoulded and 
placed under water for the required number of days. The curing 
procedure is similar to the one in B.S.1881 : Part 3 : 1970. After
this curing phase the blocks were cut into appropriate sizes using a 
circular diamond edged saw. When necessary, a notch was cut using a 
0.15 mm thick diamond edged wheel which gave a notch width of about 0.30 
mm. All the cutting was carried out under a copious flow of water so as 
to prevent the specimen from drying out. It has been reported [77] that 
drying for one minute in the ordinary laboratory atmosphere may cause a 
50% reduction in strength. Consequently great care was taken to keep 
the specimens constantly under water even during testing. It was 
ensured that the temperature was kept to 20 + 2°C through out the
casting and testing period, except for the higher temperature tests 
which are described in section 3.11.
As mentioned earlier, this investigation is concerned with the 
tensile properties of cement. However, direct tensile testing is 
difficult for brittle materials such as cement because of problems with 
gripping and aligning the specimen. Normally an indirect method, such 
as a flexural test, is carried out to determine tensile properties. 
Consequently, three point bend tests were performed in this study. 
These were carried out using an "Instron 1195" machine as shown in
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fig.3.2. A close-up of the test rig is shown in fig.3.3, and a typical 
specimen is shown in fig.3.4. To compensate for any lack of parallelism 
in the specimen, the bottom rollers were free to rotate slightly around 
the length axis of the specimen. Since the supports for the rollers 
were movable, different specimen spans could be accommodated. A LVDT, 
attached to the top roller support, was used to measure the deflection 
of the specimen.
3.3 Flexural Strength.
Three point bend tests using unnotched samples were carried out on 
the two different types of cement pastes over the time scale mentioned 
in section 3.1. The specimen dimensions were 80 x 25 x 14 mm. The 
cross-head speed of the Instron was 0.5 mm/min., and a span of 70 mm was 
used. The flexural strength, cff, was calculated using the standard 
beam theory formula :-
df = 3PL/2Bd 2 Eq.3.1
where <5f is the failure stress, P the failure load, and L, B, and D 
are the length, breadth and the depth of the specimen. It is well known 
that cement pastes can give variable strength results [3,78,79]. In 
order to test a fairly representative sample, 18-24 samples were broken 
at each curing age for each paste. In this context it should be noted 
that the experimental error (as opposed to statistical scatter in 
results) was estimated to be less than 1 %, and was not included in any 
subsequent analysis.
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Fig.3.3 3 Pt. Bending Rig for above Instron "1195" machine
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3.4 Young's Modulus.
3.4.1 Three Point Bend Method. -
Young's modulus or the modulus of elasticity, E, is an important 
parameter not only because it appears in the Griffith equation, but also 
as it is an useful structural design parameter. Two methods were 
employed to determine this parameter ; (i) static, and (ii) dynamic.
The static method involved doing three point flexural tests and
obtaining the Young's modulus, E3 , by using the equation
E 3 = PlV4BD^Y Eq.3.2
where Y is the central displacement of the specimen.
In the beginning the Young's modulus was determined using specimens 
of size 80 X 25 X 14 mm (and 70 mm span). Despite using the LVDT set-up 
mentioned in section 3.2.2 the values obtained were about half of those 
quoted in the literature. It was thought that the answer lay in the low 
span to depth ratio (L/D) which was 5 in this case. A series of
different L/D's was used to obtain Young's modulus (please see Appendix 
I for details of this series of tests). This showed that at low L/D 
ratios the Young's modulus was underestimated. This was probably due to 
shear strains being included in the specimen deflection measurement, as
well as due to crushing at the loading points. Hence it was decided to
change the Young's modulus specimen to 160 x 9 x 5 mm (and 150 mm span). 
This gave a L/D of 30 at which the aforementioned problems were 
negligible.
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3.4.2 Resonant Frequency Method. -
For comparative purposes the Young's modulus was also measured 
using a dynamic (or a sonic) method as described in 
B.S. 1881:Parts: (1970). One specimen of each of the two types of paste 
were mixed in a pan mixer, cast into a steel mould, and vibrated (half 
full for 1 minute, and 2 minutes more when the filling was completed). 
The curing procedure was as stated in section 3.2.2. The specimen sizes 
were 500 x 100 x 100 mm.
After the appropriate length of curing the specimen was clamped at 
its centre, an electro-magnetic exciter unit was pladed against one side 
of the specimen and a pick-up against the other corresponding face 
(please see fig.3.5). A variable frequency oscillator was used to drive
the exciter, and the pick-up was connected to an amplifier as well as a
digital frequency meter. The frequency of the exciter was varied until 
the fundamental resonance frequency, n, was found (at this point the 
pick-up gave the strongest signal). For these specimens the resonant 
frequency turned out to be roughly in the 3 to 4 kHz range. After 
measuring the length of the specimen, L, and its water saturated bulk 
density,^ (by a standard water displacement method - see section 3.10) 
the Young's modulus, E^es' found by :-
Eres = 4 n V ^  (in Pa) Eq.3.3
where L was measured in metres, Ç in kg/m^ and n in Hz.
3.5 Poisson's Ratio.
Though Poisson's ratio is generally not of critical importance in 
engineering applications, it is an useful parameter in geometry
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mFig.3.5 Resonant Frequency Measurement Apparatus
Fig.3.6 Pulse Velocity Measurement Apparatus.
dependent determinations of mechanical properties (e.g. correction 
factors for size and shape of specimen in a resonant frequency test, 
etc.). It may also have a bearing on the compressive strength.
It is also possible to get a value for the Poisson's ratio by 
altering the geometry of the exciter/pick-up set-up in the resonant 
frequency apparatus (see previous section). However, this method has 
been shown to be unreliable [80] due to the anisotropy of the material. 
So a pulse velocity method was used. This method was as described in 
B.S.4408 ; Part 5 ; (1974), and the apparatus shown in fig.3 . 6 was
used. This device measured the time needed for an ultrasonic wave to 
travel through the beam. The pulse velocity, V, was determined by 
measuring the length of the specimen, L. The Young's modulus, Epuigg, 
can be calculated using the following equation :-
Epuise = fv2(l+y)(l-2V)/(l-V) Eq.3.4
The Poisson's ratio, ^ , was determined by equating eqs.3.3 and 3.4 to 
give :-
(1 +V)(1 -2 V)/(1 -V) = 4n2L2/v2 Eq.3.5
3.6 Stress Intensity Factor (Ktp).
One way to get an insight into the fracture mecK&nism of a material 
is to put a notch into a flexural strength specimen and then to test it. 
Assuming that the material is homogeneous and linearly elastic, it is 
possible to calculate the toughness or the stress intensity factor, 
Kic, using the following formula [81] :-
Kic = (3PL/2BD2)al/2Y Eq.3.6
where a is the notch depth, and Y is a geometrical factor and is a 
function of (a/D) - see fig.3.4(b). The experimentally determined
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stress intensity factor was designated "Kjc" in order to avoid
confusion with the real K jq - this will be explained in the
%
"Discussion" chapter. Kj^ was determined for both the pastes at the 
previously mentioned ages of curing.
The specimen size was 80 x 25 x 14 mm (and a 70 mm span), with a 
notch depth of 4 mm and a notch width of about 0.3 mm. The cross-head 
speed was 0.5 mm/min.
3.7 Work Of Fracture.
Another toughness parameter is the work of fracture, V p *  Kic 
describes the fracture toughness at the tip of the notch at the moment 
of fracture initiation. The work of fracture, ^p, is a measure of the 
specific work done in propagating the whole of the crack. It was 
determined by doing slow bend tests, and dividing the work expended (W) 
to break it by the cross-sectional area of the two fracture surfaces (A) 
created.
)fp = W/2A Eq.3.7
The specimen size was 160 x 19 x 19 mm (and a span of 150 mm). A 
14 mm deep notch was cut at the midpoint of the specimen and the 
specimen was loaded in 3 point bend. The cross-head speed was 0.05 
mm/min (the slowest speed capable by the Instron machine). These 
specimen dimensions and and the slow speed ensured that a minimum amount 
of energy was expanded on extraneous kinetic causes [82] (e.g. fragments 
of specimens flying off). (As ususal, the test was carried out under 
water in the jig shown in fig.3.3.) The energy needed to break the 
specimen was determined from the area under the load-deflection curve,
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which showed a stable fracture behaviour. Three or four specimens were 
normally tested. It is possible to put in a correction factor for the 
weight of the specimen in the energy computation but this is negligible 
when the test is done under water, and was ignored.
3.8 Kjr For Different Specimen Sizes And Notch Depths.
In order to test for the applicability of linear elastic fracture 
mechanics (LEFM) to these two pastes the Kjc was determined for 
various sized specimens and various notch depths. In addition to the 
standard 70 x 25 x 14 mm (a = 4 mm) specimens already described in 
section 3.6, specimens of dimensions 105 x 37.5 x 21 mm (a = 6 mm) and 
40 X 14.2 X 8 (a = 2.3 mm) were also tested. The cross-head speeds were 
0.5 and 0.2 mm/min for the large and the small specimens respectively, 
thus maintaining roughly similar strain rates for all the Kjc tests. 
Using the standard 14 mm deep specimens the effect of varying the notch 
depth was also investigated.
3.9 Water/Solid Ratios.
Besides the series of experiments on 0.3 w/s pastes described 
above, a smaller programme of work was carried out at water/solid ratios 
of 0.25, 0.4, 0.5, and 0.6, in order to investigate the effect of 
varying this parameter. These pastes were given the same casting 
treatment as the 0.3 w/s pastes described above except for the following 
aspects.
Initially a 0.2 w/s paste was attempted, but the paste was not 
fluid enough to be cast without the use of plasticizing aids. Therefore
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the 0.25 w/s pastes were prepared as a compromise. The vibrating time 
for the 0.25 w/s pastes was increased to five minutes in the moulds as
they were more viscous than the 0.3 w/s pastes. Conversely, the 0.4,
0.5, and 0.6 w/s pastes were increasingly less viscous than the 0.3 w/s
pastes. These were mixed in the "Kenwood Chef" for 10 minutes at the
slowest speed possible, and were mixed in smaller quantities so as to 
avoid spillage. The 0.4 w/s pastes were not vibrated in the mixing 
bowl, and the vibration time in the moulds was decreased to one and a 
half minutes. There was a risk of segregation in the moulds if a longer 
vibrating time was used. For the same reason the 0.5 and the 0.6 w/s 
were not vibrated beyond a few seconds of manual shaking of the moulds.
The flexural strength, the Young’s modulus, the stress intensity 
factor, and the work of fracture were investigated according to the 
experimental procedures outlined above for the 0.3 w/s pastes. The 
number of specimens were reduced to 9-10 for each of the flexural 
strength. Young's modulus, and stress intensity factor measurements.
3.10 Bulk Density.
The bulk density was measured for various pastes using a standard 
water displacement method. Each as-cast and uncut specimen was weighed 
in air in a water saturated state to give a water saturated weight 
(Wg). Then the weighing was repeated under water (w^). The volume 
of the specimen was found by subtracting w^ from Wg, and the water 
saturated bulk density ) was calculated from :-
P = Wg/(Wg-Ww) Eq.3.8
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3.11 Specimens Cured At 50°C.
It is well known that temperatures inside a large pour of concrete 
may rise to 50 or 60®C due to the cement hydration reaction being an 
exothermal one [83]. Therefore a series of experiments were also 
carried out to investigate the effect of curing the 0.3 w/s pastes at 
50°C .
The mixing procedure was the same as the 0.3 w/s pastes cured at 
20°C. After the pastes had been vibrated in the moulds for three 
minutes they were placed in a covered water bath (kept at 50®C) but 
above the water-line. This procedure was intended to be equivalent to 
the storing in the fog room for the 20°C specimens. After 24 hours 
the moulds were stripped and the bars were put into the lime saturated 
water of the 50°C water bath. Since a large number of specimens were 
tested overall, a large water bath (of internal dimensions 0.90 x 0.63 x 
0.59 metres) was constructed. This large heated mass as well as the 
thick layer of expanded polystyrene lagging ensured that the specimens 
were less likely to be affected by any power failures or heating unit 
malfunctions.
The curing times corresponded to the 20®C tests, thus enabling a 
comparison of the two sets of results. After the appropriate curing 
period the as cast bars were removed from the water bath in a plastic 
box containing six bars and enough water at 50°C to cover the bars. 
The closed box was then left to cool on a laboratory bench for at least 
two hours. The room temperature was 20+2°C. This procedure decreased 
the possibility of thermal shock damage. The specimens were then cut 
and tested in the same manner as the 20°C specimens.
47
9-10 specimens were tested for each of the following three point 
bend tests (as described earlier) : flexural strength. Young's modulus,
and stress intensity factor. Work of fracture tests were carried out 
with 3-4 specimens per set of testing conditions.
3.12 Scanning Electron Microscopy.
As has been already discussed in section 2.11 and 2.12, scanning 
electron microscopy is a particularly useful tool when investigating the 
microstructure of cement paste. For the current study it was decided to 
look at the unhydrated OPC and PFA powders, and then to examine the 
fracture surfaces obtained from the flexural strength specimens 
described in section 3.4. It was hoped that this type of an 
investigation would lead to a better understanding of the fracturing 
process.
Each of the powders were simply poured over a piece of double-sided 
sticky tape attached to a SEM specimen stub. The excess powder was 
shaken off by tapping gently. The specimen was then placed in a sputter 
coating device and coated with a thin layer of gold or platinum in order 
to reduce any charging effects when viewed under the electron beam. 
During the first year of the current project a "Cambridge Stereoscan 
100" SEM using the secondary electron imaging (SEI) mode was employed. 
Later a JSM-35CF scanning electron microprobe with a quantitative energy 
dispersive system (EDS) was used.
The cement fracture surface specimens were treated in a similar 
fashion, except that immediately after fracture the broken pieces were 
cut down to a thickness of about 3-5 mm using a diamond edged wheel
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machine. This facilitated the next step which was to dry the specimens 
in a vacuumed dessicator containing silica gel. One of the problems 
associated with examining cement paste fracture surfaces is carbonation 
from atmospheric carbon dioxide. In some of the early SEM work during 
this investigation this problem did occur. This was overcome by cutting 
down on the size of the specimen and stream-lining the drying procedure. 
For example, the specimens were dropped into liqiud nitrogen as soon as 
they had fractured. This slowed down the carbonation markedly. When 
the fracture surfaces were viewed in the microprobe they were not coated
with gold or platinum. Instead they were coated with carbon in an 
evaporator. This eliminated any extraneous peaks in the X-ray spectra 
in the microprobe.
3.13 Diffuse Illumination Optical Microscopy.
As already mentioned in section 2.11, that despite the limitations 
in the resolving power of the optical microscope it has one advantage 
over the electron microscope, in that the specimen can be viewed in a 
wet condition in the former. Therefore any changes in the 
microstructure due to drying out stresses can be discounted in the 
optical method if the specimen is kept under water.
A stainless steel rig was built to test a three point bend specimen 
under water in a standard Zeiss Photomicroscope (see fig.3.7). The 
largest span accommodated by the rig was 120 mm. The specimens were 
normally 140 x 10 x 10 mm. An underwater load cell was built into the 
load bearing drive shaft of the rig. The maximum possible load 
measurable by this load cell was 450 N. The drive shaft was seated on 
Teflon coated bearings so as to reduce friction, thus ensuring more
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Fig. 3.7 Zeiss Optical Microscope with Diffuse Illumination Attachm ent
accurate loading and load measurements. The drive shaft was screw 
driven manually. A differential screw system allowed a forward movement 
of 56 Mm with one full revolution of the fine adjustment wheel. A LVDT 
set-up (see fig.3.8 ) was used to measure the forward movement of the 
load bearing roller attached to the drive shaft. The outputs from the 
LVDT and the load cell were then processed through amplifiers which gave 
a digital read-out of the displacement and the load. The signals from 
these amplifiers were then fed into a chart recorder to obtain a 
load/displacement curve of the specimen under test.
At first, normal bright field reflected light microscopy (i.e.
normal direct illumination) was used to observe any microstructural 
changes in a stressed sample prior to failure. In keeping with Higgins'
work [78] no such changes could be detected. So it was decided to use
the off-centre bright field reflection technique (or the diffuse 
illumination technique), which has been shown to be a powerful tool [57] 
in this situation. The technique is based on the fact that cement paste 
is slightly translucent. When a small area of the surface is 
illuminated directly, a diffusely illuminated zone forms around the
directly illuminated area. If a crack is present in this diffusely 
illuminated zone, the impinging light is totally internally reflected 
thus giving rise to a discontinuity in the intensity of light scattered 
back to the surface.
Higgins estimated the resolution limit for this technique to about 
0.1 Mm. He also noted that the resolution limit for normal direct 
illumination is about 1.0 Mm. Therefore cracks, visible in the diffuse 
illumination technique but not in the normal direct illumination method, 
should be between 0.1 and 1.0 Mm in thickness. However, he pointed out
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that the cracks might be bridged, and thus these resolving limits may be
too optimistic. Therefore the estimation of the width of these cracks
remains a matter for conjecture.
Since Higgins found that this technique yielded readily observable 
microcracks if a notched specimen was wedge-loaded [57], some of the 
preliminary work was done using these type of specimens in his rig. He 
also found that it was difficult to get microcracks at notch tips when 
the notch/depth ratio was small in a three point bend specimen. However 
it should be noted that wedge-loaded specimens and deeply notched three 
point bend specimens encourage stable crack growth from an energy point 
of view. Thus it was decided to use shallow notches in three point bend 
specimens for the present study. This would ensure a catastrophic 
failure if the cement paste was really brittle. Consequently 2 mm deep 
notches in 1 0  mm deep specimens were used.
Each specimen was polished using wet silicon carbide paper (down to 
"1200" grit). The specimen was placed under lime saturated water in the 
three point bend rig, and the load was applied using the coarse 
adjustment initially. Then the fine control was used. After each small 
increment of the load the notch tip was scanned using a "x 16" oil 
immersion objective lens (which proved to be satisfactory in water). 
The luminous field aperture in the photomicroscope was closed down to 
the minimum level in order to illuminate only a small area in the field 
of view. Polarized light with a crossed analyser was used to remove any
directly reflected light, thus reducing unwanted glare.
When microcracks were seen, they were photographed using the 
diffuse illumination technique. Since the light reaching the camera was
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restricted due to the small area of illumination and cross polarization, 
long exposures (e.g. 30 seconds to 2 minutes) were required. A very
fast film (Ilford XPl) with a wide latitude for exposure was used to 
give good results.
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CHAPTER4
4 RESULTS.
4.1 Flexural Strength.
The variation in flexural strength (for D = 14 mm) with age is
shown in table 4.1 and plotted in fig.4.1. The simple beam theory 
formula quoted in eq.3.1 is only valid when bending stresses are 
estimated some distance away from the concentrated load. The stress 
distribution is irregular near the concentrated load and this is known 
as the "wedging effects". Using Timoshenko's analysis [84] it is 
possible to calculate a correction factor. For a L/D = 5 the flexural 
strength is overestimated by about 8.5%. In keeping with other 
published works [50,55-56,59] this correction has not been included in 
table 4.1.
It should be noted that the error bars in fig.4.1 (and in later 
graphs) represent 95% error bars for the estimated mean, m . They have 
been calculated using the standard statistical formula :-
M = X + t^s/ n Eq.4.1
where x is the sample mean, s the sample standard deviation, n the 
sample size, and t^ is the appropriate percentage point of the
t-distribution.
The shape of the graphs fig.4.1 is similar to those obtained by 
Huang Shiyuan [13]. The OPC+PFA starts off with a lower flexural
strength than the OPC paste. Around 10 days it catches up with the OPC
paste. For both the pastes there seems to be a peak at around 1 month
followed by a small reduction in strength. By about 9 months to 1 year
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Table 4.1 Flexural Strength at Different Ages. (T = 20°C.)
Age df (D = 14 mm) 
(MPa)
<5f (D = 5 mm) 
(MPa)
OPC :-
1 day 8 . 1 ,+ 1.3 8.5 + 0.7
3 days 13.4 + 0 . 8 13.0 ± 1.3
7 days 14.2 + 1 . 1 11.7 + 1.3
28 days 15.5 + 1 . 1 15.1 + 0.7
3 months 13.6 + 0.9 15.1 + 0 . 8
6 months 14.8 + 0.7 16.0 + 0.7
9 months 1 2 . 6 + 0 . 8 15.8 + 1 . 0
1 year 13.5 + 0.4 14.6 + 0.7
OPC+PFA :-
1 day 6 . 6 + 0.4 6 .8 + 0.5
3 days 10.9 + 1 . 0 10.5 + 0.7
7 days 12.7 + 0 . 8 10.3 + 0.9
28 days 17.7 + 0 . 8 14.8 ± 1 . 0
3 months 17.1 + 0 . 6 18.0 + 1 . 0
6 months 16.6 + 0 . 6 18.6 + 0.7
9 months 14.5 + 0.7 15.7 + 0.9
1 year 15.2 + 0.5 16.1 + 0 . 8
this drop seems to have levelled off, and the strengths may even 
have started to rise.
The flexural tests were repeated on longer specimens with smaller 
cross-sectional areas ( 160 x 9 x 5 mm, and 150 mm span). This was done 
primarily for Young's modulus measurements as described in section 3.4.1
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and in appendix I. These specimens were broken under identical 
conditions to the bigger ones except that the cross-head speed was 
changed to 5 mm/min in order to give a similar strain rate. The results 
obtained are shown in table 4.1 and fig.4.2. This graph is somewhat 
similar in shape to fig.4.1 except that the crossover point and the 
peaks have been shifted to around a month and 3 to 6 months 
respectively.
4.2 Young's Modulus.
4.2.1 Three Point Bend Method. -
The results of the three point bend Young's modulus tests (Eg) 
are shown in table 4.2 and are plotted in fig.4.3. The shapes of the 
Young's modulus curves are similar to the flexural strength curves. The 
crossover point is around 6 months, but there is no evidence for a 
reduction in the stiffness during the later stages of curing. It seems 
that between 3 months and 1 year the OPC doesn't appreciably improve in 
stiffness, but the OPC+PFA keeps getting stiffer.
4.2.2 Resonant Frequency Method. -
The Eres results are shown in table 4.2 and have been plotted in 
fig.4.4. Like the Eg graph in fig.4.3, the OPC had higher Ej-es 
values at early times, and then the OPC+PFA caught up by around six 
months. After six months the OPC showed a small increase in Ej-es 
whereas the OPC+PFA showed a small decrease, in contrast to the Eg 
results at these curing ages. It should be noted that the experimental 
error was estimated to be < 1 % for the dynamic results.
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Table 4.2 Young's modulus from 3 point bend (Eg), from 
resonance frequency (Ere<), and E-^/Eroc at
Age E3 Eres Eg/Efes
OPC
1 day 15.2 + 0.3 21.9 0.694
3 days 2 1 . 2  + 0.5 26.0 0.816
7 days 22.3 + 0 . 6 27.5 0.811
28 days 25.8 + 0.7 29.0 0 . 8 8 8
3 months 27.6 + 0 . 8 30.4 0.906
6 months 27.4 + 0 . 6 30.9 0.887
9 months 27.2 + 1.3 - -
1 year 28.0 + 0.5 31.7 0.883
OPC+PFA :-
1 day 11.4 + 0 . 6 18.0 0.633
3 days 18.2 + 0.3 23.8 0.765
7 days 18.5 + 1.3 25.1 0.737
28 days 25.1 + 0.5 27.6 0.910
3 months 26.2 + 0 . 6 29.7 0.881
6 months 27.6 + 0.9 31.0 0.892
9 months 28.7 + 1 . 0 - -
1 year 29.7 + 0.4 30.8 0.964
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4,3 Poisson*s Ratio, Shear And Bulk Moduli.
Table 4.3 Poisson*s ratio, V, at different ages
Age ^OPC ^  OPC+PFA
1 day 0.291 0.300
3 days 0.278 0.280
7 days 0.273 0.282
28 days 0.271 0.276
3 months 0.276 0.279
6  months 0.285 0.267
1 year 0.282 0.260
The Poisson's ratios obtained from eq.3.5 are tabulated in table 
4.3, and are plotted in fig.4.5. The OPC paste had a value of 0.29 at 
the curing age of one day. Thereafter V went down to a stable value of 
between 0.27 and 0.28 up to about three months. These values are 
similar to those quoted by Helmuth and Turk [85], but are slightly 
higher than those quoted by Swamy [80] for 0.3 w/s OPC paste up to 28
days. Beyond three months of curing the present study found a
significant increase in V  for the OPC paste.
The replacement of 25% of the OPC by the PFA did not alter the
general V trends observed in the control OPC paste up to three months,
although the Poisson's ratios of the OPC+PFA paste were higher by -0.01. 
In contrast to the control OPC paste, the OPC+PFA paste showed a 
significant downward trend after three months. The one year figure for 
the the OPC+PFA paste was 0.26 compared to 0.28 for the OPC.
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Using these values of Poisson's ratio the shear modulus, G, was 
calculated from the following equation
G = Eres/2(i+f) Eq.4.2
and the bulk modulus, K, from
K = Eres/3(1-2V) Eq.4.3
The values of G and K are plotted against curing age in figs.4 . 6 and 
4.7.
Since the values of G were calculated from the variation in
G with curing age follows similar trends as the variation of Ej-es with
curing age. The greater influence of V in eq.4.3 is reflected in the 
large deviation of the OPC+PFA curve in fig.4.7 after three months. 
Thus the bulk modulus of the OPC+PFA is lower than that of the OPC paste 
throughout the first year of curing.
4.4 Stress Intensity Factor (Kir).
%
The measured stress intensity factors (Kj^) results are plotted 
in fig.4.8 , and are shown in table 4.4. The OPC values were similar to 
those quoted in the literature [55,78]. It can be seen that the OPC had 
a higher than the OPC+PFA at early ages, and vice-versa at later
ages, with the crossover at around ten months. There seems to be a peak 
for the OPC at around 28 days, followed by a drop of about 18% by one 
year. (Brown and Pomeroy [8 6 ] have also reported a drop in toughness of 
about 11% between 28 days and 84 days for a 0.35 w/s OPC paste using a 
notched bent beam test.) The OPC+PFA seemed to have a less obvious peak 
around one month, but after six months the toughness started to 
increase. By one year the OPC+PFA paste was -10% tougher than the OPC 
using this Kjc test.
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4.5 Fracture Toughness.
Table 4.4 Stress Intensity Factor (Ktp)# Fracture Toughness 
Qfn)i and Work of Fracture (Vp) at Different Ages (T = 20°C).
Age %IC Ï C Vp
(MPaml/2 ) JmT^ Jm’ 2
OPC
1 day 0.29 + 0 . 0 1 2.74 4.31
3 days 0.44 + 0 . 0 2 4.62 4.33
7 days 0.46 + 0 . 0 2 4.75 4.30
28 days 0.49 + 0 . 0 1 4.64 3.96
3 months 0.46 + 0 . 0 1 3.84 3.73
6 months 0.44 + 0.03 3.58 3.83
9 months 0.43 + 0 . 0 1 3.42 4.24
1 year 0.40 + 0 . 0 1 2 . 8 8 4.14
OPC+PFA
1 day 0.23 + 0 . 0 1 2.28 2.62
3 days 0.36 + 0 . 0 1 3.66 3.79
7 days 0.41 + 0 . 0 1 4.43 3.98
28 days 0.43 + 0 . 0 1 3.23 3.15
3 months 0.42 + 0 . 0 1 3.38 2.62
6 months 0.41 + 0 . 0 1 2.97 2.94
9 months 0.49 + 0 . 0 2 3.98 2 . 6 8
1 year 0.44 + 0 . 0 1 3.25 3.14
From eq.2.<i it can be seen that it is possible to obtain a ^
for the specific surface energy (Y) in the Griffith model. This 
quantity is often called the fracture toughness, and the symbol
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is used to represent it (the subscript "c" signifies its derivation from 
the K ic measurements). The Young’s modulus used for Y c's
calculation is the one obtained from the three point bend tests. This 
was preferred to the dynamic one as the K%c test was a static one.
The Yc results are shown in table 4.4, and are also plotted in
%
fig.4.9. The general shapes of the curves are similar to the Kic 
curves in fig.4.8 . This is not surprising since is derived from 
Kic* However the increasing Eg with age has accentuated the 28 days 
peak and made the OPC drop in toughness even more dramatic. The rather 
high Yc of the OPC+PFA at 9 months is possibly due to a certain amount 
of variation within the cement batch. Nevertheless the toughness for 
the OPC+PFA can be said to have increased after six months.
4.6 Work Of Fracture.
The Yp results are shown in table 4.4.and are plotted in
fig.4.10. The Y p for the control OPC paste was found to be fairly
constant around 4.3 Jm“^ within the first 7 days. Thereafter there
was a small drop down to -3.8 Jm“^ by three months followed by a 
slight increase to -4.2 Jm~^ by one year. In general the Yp for OPC
was found to be roughly between 3.8 and 4.3 Jm“^ throughout the period
tested.
The OPC+PFA, in contrast to the OPC, had a much lower Yp at one
day (2 . 6  Jm”^). Then the Yp peaked sharply at a value of 4.0 Jm~^
at 7 days. Beyond three months the Yp for OPC+PFA levelled off at
around 2.9 Jm“^. It is interesting to note that the
Î^F(OPC)/^^F(OPC+PFA) ratio was roughly 4/3 for most of the curing
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ages tested. This correlates with the ratio of OPC content in these two 
pastes.
4.7 K tp For Different Specimen Sizes And Notch Depths.
The Kic for the 0.3 w/s pastes for the different specimen depths 
are plotted in fig.4.11 and 4.12 at 28 days and at 1 year respectively. 
The for the 28 days OPC paste increases as the specimen depth 
increases, in agreement to the trends observed by Higgins and Bailey 
[56]. Hence the applicability of LEFM to this pastes must be 
questionable. However the corresponding OPC+PFA paste shows a levelling 
off of Kjc at around 0.42 MPam^/^ beyond 14 mm depth, thus 
indicating a relatively more linearly elastic material. The situation 
is not so clear cut at one year of curing. The for the OPC+PFA
increases with specimen depth only gradually and almost linearly, 
whereas the control OPC seems to increase at an increasing rate. Thus 
it is possible that with even larger specimen sizes (than those tested 
in the present study) the OPC+PFA paste may reach a constant 
earlier than the OPC paste. Clearly more tests should done to test this 
hypothesis.
Similar tests were also carried out on 0.6 w/s pastes, and results 
are shown in fig.4.13 (see section 3.9 for casting details). In general 
both the 0.6 w/s OPC and OPC+PFA pastes show increases in K j q with 
increasing specimen size. Though the OPC paste shows a levelling off of 
K i q  at specimen depths greater than 14 mm, it is not possible to 
comment on the relative applicability of LEFM as the spread in results 
is too great. Again, even larger specimens ought to be tested for these 
pastes.
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Using the standard 14 ram deep specimens and 0.3 w/s pastes after 28
A
days curing, the Ki^ was determined for various notch depths ranging 
from ~0.5 to 10 mm. The results have been plotted in fig.4.14. The 
for the OPC pastes shows a distinctly linear trend downwards as 
the notch depth is increased. Extrapolation of this line to a notch 
depth of zero yields a K%Q value of 0.59 MPam^^^. However the 
significance of this value remains a matter for conjecture. Clearly 
these results show that LEFM is not applicable to this paste, as has 
already been demonstrated by the values of different sized
A
specimens (see above). The decrease in K i q with increasing notch 
depth is contrary to the results obtained by Higgins and Bailey [56], 
who found that K j q  remains constant with increasing notch depth. 
However it should be noted that the present study used a much larger 
number of specimens, especially at notch depths greater than 5 mm.
The corresponding results with the OPC+PFA pastes are not so 
simple. Up to a notch depth of about 7 mm the Kjc increases with 
increasing notch depth, and thereafter decreases. It is possible, that
A
if a larger number of specimens were tested, the Kj^ might well be 
found to be a constant with notch depth variations. Perhaps an average 
value of around 0.42 MPam^/^ might be the true Kjc, as also was 
indicated by the larger sized specimens discussed earlier.
4.8 Compressive Strength.
Though compressive testing has certain drawbacks (see section 2.7) 
it is useful to examine some data supplied by Blue Circle Industries 
PLC, the sponsors of this work. Fig.4.15 shows the compressive strength 
of concrete made from the two cements after 1 day to 1  year of curing.
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This test was done according to B.S.1881 : Part 3 : (1970). The
cement to fine and large aggregate ratios were 1 : 2.5 : 3.5, and a
0 . 6  water/cementing solid was used.
The graph is similar to those obtained by other authors [7-9,62]. 
The OPC+PFA concrete has a lower strength to start off with, but catches 
up by about three months. It carries on gaining strength even between 6  
months and 1 year. The OPC concrete, however, reaches a plateau from 
about 3 months onwards (the slight reduction in strength between 6  
months and 1 year is probably within statistical error).
4.9 Water/Solid Ratios.
4.9.1 Flexural Strength. -
The flexural strengths (df) of the 14 mm deep specimens for the 
varying w/s ratios are plotted in fig.4.16 and are shown in table 4.5. 
c5f of the OPC pastes was found to decrease with increasing w/s between 
0.3 and 0.6 w/s. (A similar set of results was also obtained by the 
current author when working with pastes cured at 50°C [75].) However
decreasing the w/s from 0.3 to 0.25 also resulted in a decrease in the 
flexural strength for both the PFA and the control pastes. This was 
probably due to the increase in flaw size (in the form of entrapped air 
pores) which resulted from the higher viscosity of the 0.25 w/s pastes. 
Thus the 0.25 w/s results should not be included in any trend analysis.
The replacement of the 25wt.% of the OPC by PFA resulted in similar 
trends as observed in the OPC pastes. In all cases except the 0.3 w/s, 
the OPC was stronger than the OPC+PFA. This was because the flexural 
strength of the 0.3 w/s OPC+PFA becomes higher than the 0.3 w/s OPC by
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around 10 days of curing as indicated by fig,4.1. It is possible that 
at higher water/solid ratios the crossover times (if at all present) may 
be longer than the curing age of 28 days used in this present programme 
of tests.
4.9.2 Young * s Modulus. -
The three point bend Young's modulus (Eg) of 5 mm deep specimens 
(L/D = 3 0 )  for varying w/s ratios are plotted in fig.4.17 and are shown 
in table 4.5. Increasing the w/s ratio decreased the Young's modulus 
for both OPC and OPC+PFA pastes. The rate of decrease was found to be 
less between 0.5 and 0.6 w/s. In all cases, except for 0.25 w/s.
Table 4.5 Flexural Strength and Young's Modulus
for Different w/s Ratios.
w/s d'f (D 14 mm) Eg (D 5 mm)
(MPa) (GPa)
OPC
0.25 13.8 + 1.7 27.4 + 1.3
0.3 15.5 + 1 . 1 25.8 + 0.7
0.4 13.1 + 0.4 18.7 + 0.3
0.5 1 0 . 6 + 0.5 13.7 + 0.4
0 . 6 10.4 + 0.5 1 1 . 2 + 0.3
OPC+PFA
0.25 13.6 + 1.3 28.0 + 0.5
0.3 17.7 + 0 . 8 25.1 + 0.5
0.4 11.7 + 0.5 14.8 + 0 . 6
0.5 9.7 + 0 . 6 9.5 + 1 . 2
0 . 6 9.0 + 0.4 8.3 + 0 . 6
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the OPC was found to be stiffer than the OPC+PFA. Perhaps the crossover 
in Young's modulus for the 0.25 w/s pastes is sooner than 28 days.
In order to evaluate the effect of any contribution to the 
stiffness from the PFA part of the system, the water/cement ratios for 
both types of pastes are plotted against Young's modulus in fig.4.18. 
The OPC curve is the same as in fig.4.17 because w/s = w/c in this case. 
The OPC+PFA curve has been expanded laterally as w/s = 0.75 w/c in these 
pastes. For equivalent w/c ratios, the OPC+PFA pastes were found to be 
stiffer than the OPC, and the difference was found to decrease with 
increasing w/c ratio. Thus the PFA contributes to the stiffness at 28 
days but not to the same extent as the equivalent weight of OPC, except 
for the 0.25 w/s paste. The latter exception can be explained by the 
larger amount of entrapped air in the more viscous 0.25 w/s OPC paste.
4.9.3 Stress Intensity Factor. -
y
The variation in measured stress intensity factor (Kjc) with
different w/s ratios is shown in table 4.6 and is plotted in fig.4.19.
The OPC paste showed a decrease in with increasing w/s. The
values were similar to those obtained by Brown and Pomeroy [8 6 ], and by
Higgins and Bailey [56]. The increasing w/s also reduced the rate of 
y
decrease of Ki^. This is in agreement with Zielgeldorf's observation
y
[87] that the decrease in Kjc is more marked for w/c ratios < 0.5.
The OPC+PFA pastes mimicked the OPC curve, but for a displacement 
to slightly lower values. The conversion of w/s to w/c (see
y
fig.4.20) shows that the PFA contributed to the but not as much as 
the equivalent weight of OPC.
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Table 4.6 Stress Intensity Factor (Kir), Fracture Toughness 
(Kn)r and Work of Fracture (Yp) for Different w/s Ratios.
w/s KiC Vc V f
(MPaml/2 ) Jm'Z Jm”^
OPC
0.25 0.63 + 0 . 0 2 7.3 4.48
0.3 0.49 + 0 . 0 1 4.7 3.96
0.4 0.37 + 0 . 0 1 3.7 3.33
0.5 0.30 + 0 . 0 1 3.2 2.95
0 . 6 0.28 + 0 . 0 1 3.4 2 . 8 8
OPC+PFA
0.25 0.57 + 0 . 0 2 5.8 3.35
0.3 0.43 + 0 . 0 1 3.7 3.15
0.4 0.33 + 0 . 0 2 3.8 2.91
0.5 0.27 + 0 . 0 1 3.7 2.51
0 . 6 0.23 + 0 . 0 1 3.1 2.07
4.9.4 Fracture Toughness. -
The fracture toughness (jf^ ) was deduced from the K j q  and the
Eg according to eq.2.4. The Y q values are shown in table 4.6 and
y
are ploted in fig.4.21. The dramatic decrease in with increasing 
w/s ratio is not so apparent with the Y q values. Beyond a w/c of 0.4 
both pastes had values around 3.1 - 3.8 Jm”^.
4.9.5 Work Of Fracture. -
The three point bend work of fracture ()Tp) for the various w/s
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are shown in table 4.6 and are plotted in fig.4.22. In general, Y p  
was found to be lower than the corresponding /g. The OPC variation in 
Yp with w/s is similar to the corresponding K j q  variation. With 
increasing w/s the Yp decreases, and the rate of decrease is less with 
higher w/s.
The corresponding OPC+PFA curve is almost linear. The 
^F/OPc /Yf /OPC+PFA ratio was slightly over 4/3 for most of the w/s 
ratios. This corresponds to the ratio of OPC present in these two types 
of pastes.
4.10 Bulk Density.
The bulk density (^) was measured for a block (500 x 100 x 100 mm) 
of each of the 0.3 w/s pastes over a period of one day to one year. The 
results are plotted in fig.4.23. Both the pastes showed similar bulk 
density vs. age profiles. Between one and three days the bulk densities 
of both the pastes rose by about 1 %, and by another 1 % between three 
days and six months. Beyond six months the densities did not change. 
The OPC+PFA paste was found to be approximately 3% less dense than the 
control paste for most of the period under investigation.
The bulk density for different water/solid ratios at 28 days is 
plotted in fig.4.24. These were measured from bars with dimensions of 
160 X 40 X 40 mm. Again the OPC+PFA pastes were less dense than the OPC 
counterparts. Both the pastes showed a decrease with increasing w/s. 
This is to be expected as water is less dense than OPC or PFA.
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4.11 Specimens Cured At 50°C.
4.11.1 Flexural Strength. -
Table 4.7 Flexural Strength and Young * s Modulus. (T = 50°C.)
Age <5f (D == 14 mm) Eg (D = 5 mm)
(MPa) (GPa)
OPC
1 day 1 0 . 8 + 1.3 19.8 + 0 . 6
3 days 1 1 . 8 + 1.3 2 0 . 8 + 0.5
7 days 15.3 + 2.7 23.9 + 0.5
28 days 14.3 + 1.5 25.6 + 0 . 8
3 months 16.4 + 1 . 0 24.9 + 0 . 8
6 months 15.7 + 1 . 8 27.2 + 0.5
9 months 15.8 + 1.7 27.1 + 0.7
1 year 15.0 + 1 . 8 26.2 + 0.9
OPC+PFA
1 day 9.5 + 0 . 8 17.7 + 0.7
3 days 15.0 + 3.8 2 2 . 6 + 0.4
7 days 17.9 + 4.0 23.4 + 0 . 6
28 days 15.4 + 2 . 8 25.2 + 0.9
3 months 15.3 + 3.1 24.3 + 0 . 6
6 months 15.5 + 2.7 26.5 + 0 . 6
9 months 19.7 + 3.7 28.2 + 4.7
1 year 2 1 . 2 + 3.8 25.4 + 1.5
The variation in flexural strength (for D = 14 mm) with age at 50®C 
is plotted in fig.4.25, and is shown in table 4.7. Both OPC and OPC+PFA 
displayed a rapid bulid-up in flexural strength within the first few
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days. The OPC flexural strength curve levelled off after 7 days. 
Thereafter the flexural strength was virtually constant up to one year, 
with perhaps a gentle peak at around three months.
The OPC+PFA paste was slightly weaker than the OPC paste at one 
day. By the 2nd day the OPC+PFA curve crosses over the OPC curve, thus 
indicating that the equalization point is much sooner than the 1 0  days 
required for the 20°C case. However the picture is not so simple 
because there are a number of ages up to six months when both OPC and 
OPC+PFA have similar strengths. Therefore a simplified assumption can 
be made that there is no great difference in flexural strength between 
the two types of pastes up to six months. This is perhaps not 
unjustified as the error bars in the OPC+PFA system at this temperature 
are large. Between six months and one year there is a definite rise in 
flexural strength of the OPC+PFA paste. By one year the OPC+PFA was 
found to be 41% stronger than the OPC paste. In this context it should 
be noted that Dalziel [33], working with a mortar of 0.5 water/binder 
ratio, found that the long term flexural strength of 80wt.%OPC+20wt.%PFA 
was about 40% higher than the control OPC mortar at 50°C. He also found 
that the equalization point at this temperature was about three days.
4.11.2 Young's Modulus. -
Young's modulus (Eg) at different curing ages at 50°C are plotted 
in fig.4.26, and are shown in table 4.7. Both the OPC and OPC+PFA 
pastes gain in stiffness rapidly within the first few days. After 28 
days both the curves level off to almost a plateau with a gentle peak at 
around nine months.
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The equalization point is between one and two days. However the
Eg for the OPC+PFA is generally lower than the OPC by about 1 GPa
between 28 days and one year.
4.11.3 Stress Intensity Factor. -
Stress intensity factors (K^) measured at different curing ages 
at 50°C are plotted in fig.4.27, and are shown in table 4.8. The
variation in Kjc within the first few days is a complex one. Both 
these pastes have small K j q peaks within the first seven days. The 
OPC then levels off to a virtually constant value of around 0.49
MPam^/^ between 28 days and one year.
The OPC+PFA varies with age in a similar manner to the 
corresponding variation in df. Up to six months or so the OPC and 
OPC+PFA are very roughly similar. However between six months and one 
year there is a definite increase in of the OPC+PFA paste. By one 
year the K jq of the OPC+PFA was found to be also 41% higher than that 
of the OPC.
4.11.4 Work Of Fracture. -
The work of fracture (Kp) at different ages at 50®C are plotted 
in fig.4.28, and are shown in table 4.8. Both the pastes were found to 
have almost constant Y p  for the curing periods tested. The means for 
the OPC and OPC+PFA were ~3.9 Jm“^ and ~3.4 Jm“^ respectively. The 
Y f /OPc /Yf /OPC+PFA ratio was roughly 4/3.5. Thus the PFA 
contribution to the Yp can be thought to be equal to about half the 
amount for the equivalent weight of OPC.
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Table 4.8 Stress Intensity Factor (Kjr), Fracture Toughness 
(ïn), and Work of Fracture (Yp) at Different Ages (T = 50°C).
Age %IC
(MPaml/2)
Yc
Jm-2
Y f
Jm“^
OPC :-
1 day 0.40 + 0.02 4.02 4.40
3 days 0.45 + 0.02 4.76 3.81
7 days 0.58 + 0.03 7.12 4.23
28 days 0.49 + 0.01 4.64 3.90
3 months 0.49 + 0.01 4.73 3.57
6 months 0.48 + 0.01 4.23 3.92
9 months 0.49 + 0.01 4.43 3.28
1 year 0.51 + 0.02 4.89 3.93
OPC+PFA :-
1 day 0.36 + 0.02 3.72 3.52
3 days 0.63 + 0.09 8.80 3.78
7 days 0.43 + 0.09 3.95 3.25
28 days 0.45 + 0.05 4.05 3.28
3 months 0.49 + 0.06 4.90 3.54
6 months 0.44 + 0.04 3.71 3.20
9 months 0.60 + 0.09 6.34 3.10
1 year 0.72 + 0.06 10.23 3.28
4.12 Scanning Electron Microscopy.
A selection of the numerous scanning electron micrographs taken 
during the course of the present study is presented in this section. 
Fig.4.29 shows a typical cross-section of unhydrated OPC particles. The
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particle dimensions correspond approximately with the particle size 
distribution shown in fig.3.1. (Each micrograph has a scale marker on 
or next to it.) The main feature of this micrograph is the angular 
nature of the cement grains. This is in sharp contrast to the PFA 
particles which are mainly spherical (see fig.4.30). A close-up of a 
PFA particle can be seen in fig.4.31. At this magnification some 
surface features can be resolved. The small dimples are similar to 
those found by Raask [10]. He identified them as particles of calcium 
or alkali metal sulphates which had precipitated from the sulphur 
containing gases emitted during the coal burning process. There are 
also certain linear features on the surface. These are probably 
microcrystals of mullite and/or quartz which have been nucleated during 
the cooling process. By using HF as an etchant Raask has been able to 
reveal these type of microcrystals. Fig.4.32 is a micrograph of a 
plerosphere which has broken, thus revealing the space inside containing 
further smaller PFA particles (hence "plero-"). These plerospheres have 
been observed by other workers in the past [8], but their origin remains 
a matter for conjecture. One minor component found in PFA is unburnt 
carbon. These coke particles are generally porous such as the one shown 
in fig.4.33. Since the loss on ignition (LOI) figure quoted in table
3.1 is small, this should not have much bearing on the overall 
properties of the OPC+PFA paste. Another minor constituent in the PFA 
is iron oxide. This occurs partly dissolved in glassy silicates, and 
partly as discrete particles of magnetite. An example of an iron-rich 
particle is the large particle in the middle of fig.4.34.
The microstructure of the 0.3 w/s OPC pastes cured at 20°C for 
various lengths of time are shown in figs.4.35-40. The first micrograph
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is of a one day old paste. Most of the cement grains show reaction
products even at this early stage. These are mainly of the type I C-S-H
<v.  ^ ^
structure, as classified by Dimond [18], i.e. small fibrillar particles
emanating from parent cement grains. One cement grain at the left-hand
top corner of fig.4.35 shows little sign of any reaction products. This
is probably a C2 S particle which are known to react slowly [l]. As
hydration proceeds, the fibrils become less distinct and stop growing in
length as they impinge upon C-S-H growing from surrounding grains as
well as on the CH crystals. There is general in-filling between the
C-S-H fibrils and the microstructure changes to the denser type III
C-S-H. Beyond 28 days no significant changes in microstructure was
observed. The microstructure consisted of type III C-S-H mainly as
shown in large areas of the stereo micrograph in fig.4.36. (N.B. A
number of stereo scanning electron micrographs are presented in this
section. These were taken by repeating the photograph after tilting the
specimen 10°. For best results these micrographs should be viewed with
a suitable stereo viewer.) This is a nine months old paste. However,
even at this late stage fibrillar microstructure is still discernable in
the high porosity regions as can be seen in the right half of fig.4.36.
It is sometimes also possible to see the inner C-S-H product - the type
IV C-S-H, according to Diamond. Fig.4.37 shows a good example of this
o
dimpled type IV micrstructure in a six months old paste. This indicates
that the fracture had run between the clinker and the inner C-S-H. More
direct evidence of such clinker/inner C-S-H interface cracks can be
o
found in fig.4.38. The stereo micrgraph shows that a crack has formed 
between the clinker and the inner C-S-H, although it is not clear 
whether it has formed due to drying shrinkage during the vacuuming 
process, or if it formed during the fracture of the specimen.
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Another important feature is the CH phase. An example of the
massive deposits of CH crystals can be seen in the nine month old paste 
shown in the stereo micrograph of fig.4.39. This particular picture was 
taken in the vicinity of the notch tip on the fracture surface of a work 
of fracture specimen. The tortuosity of the fracture surface can be
appreciated if this is viewed in the stereo mode using a suitable
viewer. There is also some evidence of microcrack formation between the 
CH and the C-S-H in the centre left of the micrograph. Sometimes 
lime-rich areas can be found to have impressions of clinker grains.
Often these occur as a cluster of clinker impressions as shown fig.4.40.
Though the origin of this type of lime-rich areas is not clear, it is
possible to put forward two hypotheses. Firstly, the rapid growth of CH 
crystals may have encapsulated some relatively unreactive clinker grains 
such as those containing C 2 S. Or secondly, the lime had leached out 
from clinkers containing large amounts of free lime, and had 
precipitated around the clinker grains.
The corresponding 0.3 w/s OPC+PFA (20°C) microstructures are shown 
in figs.4.41-49. The PFA forms a readily identifiable feature even at 
low magnifications. Fig.4.41-42 are of two PFA particles and their 
corresponding holes in the opposite fracture surface. The coating 
around the PFA particles is very thin in this seven day old paste. The 
reaction products on the outside of the thin coating resemble the type I 
C-S-H seen in the OPC pastes. The PFA particles seem to be relatively
unreacted and undiminished in size. By three months some PFA particles
show significant signs of dissolution. Fig.4.43 is a good example of 
this. The gap between the PFA and the reaction products is about 0.3 
Aim. Using the X-ray energy dispersive analyser qualitatively, the PFA
74
was found to be richer in Al, Si, K, and Fe than the shell of its
reaction products. This may lend support to the "high alkali in the
gap" theory put forward by Takemoto and Uchikawa [31]. Another form of
pozzolanic reaction products is shown in fig.4.44. This type of 
microstructure has been described by Montgomery et al [8 8 ] as being 
"halo-like". The gap between the PFA and its reaction products is not 
visible in this micrograph, but the interface must have been weak enough 
for the crack to propagate through it and reveal the unreacted core of 
the PFA. A more common type of PFA microstructure at three months is 
shown in the stereo micrograph of fig.4.45. The coating of reaction 
products is still fairly thin and the gap is visible in some places. 
Sometimes other signs of the pozzolanic reaction can be seen. For
example, when the glassy phase of the PFA is dissolved away in the 
pozzolanic reaction, any crystalline substances, nucleated during the
cooling of the PFA, will be left behind on the PFA surface. Fig.4.46 is
an example of this. The crystals resemble the mullite and the quartz
observed by Halse et al [89] in PFA containing pastes. It is also 
possible to see impressions of these inside the hollows left by the PFA 
particles when the latter are pulled out in the fracturing process - see
fig.4.47. Another such "skeleton" of microcrystals can be seen in
fig.4.48. This type is rich in iron. The skeleton consists of 
magnetite probably. It must be noted that skeletons were only found in 
a relatively small number of PFA particles. This may reflect the
probably small amount of crystallization inside the PFA, as well as the
relative slowness of the pozzolanic reaction. At times it was possible 
to see broken plerospheres on the fracture surface as shown in fig.4.49. 
A part of the outer shell can be seen on the centre-right of the
micrograph - the light feature running vertically.
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The changes in microstructure with increasing w/s can be seen in 
figs.4.50-52. More fibrillar or foil-like C-S-H can be seen in these 
0.6 w/s pictures. The microstructure is more open, as is to be expected 
from the increase in the water content. This trend has also been 
observed by the present author while working with pastes cured at 50°C 
in a previous study [75]. It is also easier to detect the CH in these 
high w/s micrographs as the crystals have more room to grow into (see 
figs.4.50 and 4.52).
Figs.4.53-59 show SEM pictures of the fracture surfaces of 0.3 w/s 
OPC pastes cured at 50°C for various curing periods. The hydration 
reaction of the OPC at this temperature is fast, as shown by the 
trans-granular fracture of the clinker in a one day old paste in
fig.4.53. It can be seen that a hydrated layer, of thickness - 1 Aim,
has formed. The stereo photograph also shows how the crack has changed 
direction within the clinker. This is probably because this relatively 
large clinker may have contained more than one phase. The 50°C OPC
specimens displayed a large number of trans-granularly fractured clinker 
particles. Fig.4.54 is a one year specimen. The large extent of the 
hydration reaction can be clearly seen in this micrograph. These two 
sets of photgraphs suggest that the initial formation of the outer C-S-H 
gel is completed relatively soon. Thus any further hydration occurs 
inside the original outer C-S-H gel coating during most of the curing 
period in the current investigation. However this does not preclude the
occurrence of type I fibrillar C-S-H in the high porosity areas of the
50°C pastes. Figs.4.55-56 are examples of this at one day and nine 
months respectively. Type III C-S-H structure is also seen in many 
areas of the 50°C pastes at all the ages examined, as demonstrated by
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fig.4.57.
In the first few days CH is often seen as relatively "fat" crystals 
like the one shown in the small pore in fig.4.55, The effect of large 
CH in diverting cracks is dramatically demonstrated by the matching 
fracture surfaces shown in the two sets of stereo micrographs in 
figs.4.58-59. Since the basal planes of the CH lay virtually at 
right-angles to the path of the propagating crack, the CH acted like a 
crack arrestor in this case. However, when the CH basal planes lie 
parallel to the crack propagation direction they may provide an easy 
path. Another of CH's roles in the fracture process is shown in 
fig.4.60. Here the central part of the micrograph shows a set of 
angular holes left by the relatively unhydrated clinker particles which 
have debonded from the CH. This is similar to the 20°C case shown in 
fig.4.40.
Fig.4.60-67 show the fracture surfaces of 0.3 w/s OPC+PFA cured at 
50°C. The pozzolanic reaction becomes faster by curing at 50°C. For 
example, at early ages it is possible to see a relatively thick layer of 
hydration products around PFA grains as well as signs of reaction on the 
PFA itself - compare fig.4.61, which is a seven day old paste, with 
figs.4.41-42. Generally, at ages beyond a few days the fracture surface 
follows around the C-S-H coating of the PFA rather than in-between the 
C-S-H coating and the PFA, as shown in fig.4.62. In a small number of 
cases it is possible to see exposed PFA cores amidst its hydration 
products (see fig.4.63). The fracture surface at one year shows 
relatively little trace of any PFA (see fig.4.64). This is probably a 
reflection of the large amount of pozzolanic reaction which is thought 
to take place by this stage. Most of the microstructure consists of the
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dense type III C-S-H, with CH and smaller amounts of PFA remnant cores. 
One feature sometimes seen in these high temperature pastes is the 
encapsulation of PFA by massive deposits of CH. Fig.4.65 shows a PFA 
hole encapsulated by CH. Similar encapsulation features were also noted 
by Montgomery et al. They have suggested that this structure is 
enhanced by the PFA spheres. Figs.4.66-67 show two matching fracture 
surfaces of a one year old 0.3 w/s OPC+PFA near a pore. (The pore is at 
the bottom of fig.4 . 6 6 and at the top of fig.4.67.) Besides showing a 
large number of the phenomena described in figs.4.60-64, the point of 
interest lies in being able to view the matching halves of a
trans-granular clinker fracture. This proves that this type of
microstructure really represents a trans-granular fracture as opposed to 
an impression of a clinker on the inner C-S-H gel.
In addition, it should be noted that a small survey of potassium 
distribution in a nine months old paste showed that there were no local 
concentrations of it. The K was well spread all over the sample in
small quantities. This is because the higher temperature allowed the
quicker diffusion of the potassium from the alkali-rich PFA to the rest 
of the paste. It is probable that this is the reason why no gaps were 
seen between the PFA and the hydration products. Hence the fracture 
path preferred to go through the weaker regions of the hydrated 
products.
4.13 Diffuse Illumination Optical Microscopy.
Optical micrographs, using both diffuse, and normal illuminations, 
are presented in this section. Within the first few days of curing the 
0.3 w/s OPC pastes started to develop microcracks near the notch tip
78
when between 59% and 94% of the final load had been reached in three 
point bend. Fig.4 . 6 8 shows a three days old 0.3 w/s OPC paste. The top 
picture is a composite one of successive DIM photographs, and the bottom 
one is the corresponding area under ordinary illumination. For the 
purpose of correlating the two pictures a set of corresponding 
alphabetical markers have been put on them. The DIM photograph shows 
evidence of a microcracked zone running from the notch near the point 
"D" to the point "A" on the left hand side of the composite picture - 
follow the white pointer arrows. Since the microcracks cannot be seen 
in the ordinary illuminated micrograph, they must be very thin, as 
discussed in section 3.13. This microcracked region was not the only 
one observed. Two possible sites of microcracking were observed at a 
load of 27.7N, though the photographs of these were disappointing. At 
this stage the microcracked zone measured 0.3 mm in length. As the load 
was increased to 29.6 N one of these sites grew into the microcracked 
zone shown in fig.4.6 8 . While the photographs were being taken (over a 
period of ten minutes or so) the microcracked region advanced as far as 
the point "A", while the load dropped to 27.8 N. The total length of 
the microcracked zone was about 1.0 mm at this stage. It is possible 
that the large dark grain underneath "A" was responsible for stopping 
any further advance of the zone at this load. The specimen failed on 
reloading to 29.6 N.
Due to the difficulty in resolving these microcracks it is not 
possible to be accurate about the exact length of the microcracked zone. 
It should be noted that there is some statistical scatter in the length 
of any microcracked zones observed in all the OPC and OPC+PFA pastes 
studied. Furthermore it is not possible to relate these surface
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microcracks with those which may occur inside the specimen. Therefore 
the lengths measured from these DIM photographs should be treated as 
only a guide for the actual length of the microcracked zone throughout 
the breadth of the specimen. Since the microcracked zone appears to 
consist of discrete microcracks in some cases, as well as each
microcrack being a thin one, it is not possible to calculate the amount 
of stress carried through this region.
Figs. 4.69 and 4.70 show the load/displacement graph and the
corresponding optical micrographs of a seven days old OPC paste. The 
microcracked zone appeared at 25.0 N, and the load dropped to 22.1 N 
during the period spent in photographing the specimen. The length of 
the microcracked zone was about 0.6 mm. The specimen failed on
increasing the load to 26.2 N.
After 28 days of curing these shallow notched OPC specimens tended
to fail catastrophically. Out of nine specimens tested in the DIM rig
two showed a little evidence of microcrack formation prior to the
maximum load being reached. However they failed within a few seconds
and photography was not possible. Hence it appears that the microcrack
formation, prior to the maximum load being reached, becomes less as the 
curing age approaches 28 days.
Between three months and one year this trend was found to reverse 
itself. For example, at three months microcracking was observed. Since 
the time of failure varied between two and fifteen seconds, photography 
was not possible. By six months of curing microcracking was readily 
observable. Fig.4.71 shows an example at this age. The microcracking 
was first observed in this specimen at 14.5 N when the length of the
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zone was 0.2 ram. On increasing the load to 15.8 N the zone expanded to 
0.7 mm, and it finally failed at a load of 17.5 N.
At one year of curing the microcracked zone was found to be about
0.8 mm in length as shown in fig.4.72. This particular specimen started
to develop visible microcracks at a load of 5.0 N. Subsequently this
dropped to 4.4 N, and the specimen failed on increasing the load to 6 . 6
N. This specimen is of particular interest because it shows a parallel
microcrack to main one (between the points "B" and "C"). This type of
parallel microcracks, as well as some crack branching are sometimes
visible. An example of crack branching can be seen in fig.4.73 which is
a three months old fractured specimen (above marker "B"). Fig.4.71 also
shows an example of a small microcrack joining the main one (near the
tip of the arrow "A"). The OPC+PFA pastes showed relatively little
evidence of any microcracking. Up to seven days some microcracking was
just about discernable. For instance, the three days old OPC+PFA paste
in fig.4.74 started to develop microcracks at a load of 13.4 N. The
length of the zone was approximately 0.2 mm. The specimen failed on
increasing the load to 14.3 N, when failure occurred over period of 20
seconds or so. The site of the initial microcracking can be followed
0
better by reference to the phtograph of the fractured specimen, below 
the DIM photograph.
At seven days the OPC+PFA showed some signs of microcracking as 
shown in fig.4.75. The microcracks first appeared at a load of 12.6 N. 
The zone extended to around 0.3 mm while the load fell to 11.9 N. On 
further loading the specimen failed at 13.3 N. The failure occurred 
over a period of ten seconds or so.
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Beyond seven days it was not possible to see any microcracking in 
the OPC+PFA pastes. All the specimens failed catastrophically with no 
observable microcracks prior to the maximum load being reached. One 
particular specimen, which had been fractured after one year's curing, 
showed a large PFA sphere in the fracture path. As can be seen in 
fig.4.76, the PFA is embedded in one half of the fractured specimen 
leaving a corresponding hole in the opposite fracture surface. Since 
the PFA is a mainly glassy material, it is transparent in optical 
illumination, and can be readily distinguished from the rest of the 
cement paste. Though the resolution is not so good in this optical 
micrograph the PFA sphere doesn't appear to be perfectly spherical. 
This is probably due to its partial dissolution in the course of the 
pozzolanic reaction.
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Fig.4.29 OPC Powder
Fig.4.30 PFA Powder
Fig.4.31 Close-up of a PFA particle with a dimpled surface, 
and profiles of possible micro-needles.
Fig.4.32 A PFA Plerosphere.
mFig.4.33 A Porous Unburnt Coke Particle from the PFA Powder
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Fig.4.34 PFA powder with a large Fe rich particle (in centre)
Fig.4.35 One day old 0.3 w/s OPC at 20°C.
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Fig.4.39 CH deposits near notch tip in a nine month 
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Fig.4.40 Possible evidence of free lime in a
six months old 0.3 w/s OPC at 20°C.
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Fig.4.41 PFA embedded in a seven day old 0.3 w/s OPC+PFA at 20°C,
Fig.4.42 Matching holes for the above PFA spheres.
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Fig.4.43 Partially reacted PFA in a 3 month 
old 0.3 w/s OPC+PFA at 20°C.
Fig.4.44 Halo type structure in a 3 month old OPC+PFA at 20°C
Fig.4.45 3 month old 0.3 w/s OPC+PFA at 20°C.
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Fig.4.46 Partially reacted PFA in a six month old OPC+PFA at 20®C
Fig.4.47 Angular impressions in the pullout hole left 
by a PFA in a 6 month old 0.3 w/s OPC+PFA at 20°C.
Fig.4.48 Iron rich PFA skeleton in a one year old 
0.3 w/s OPC+PFA at 20°C.
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Fig.4.49 Broken Plerosphere in a 7 day old 0.3 w/s OPC+PFA at 20°C
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Fig.4.50 28 day old 0.6 w/s OPC at 20°C.
(Bar = lOMin.)
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Fig.4.51 day old 0.6 w/s OPC+PFA at 20°C.
(Bar = lOMin.)
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Fig.4.52 Encapsulation of PFA in a 28 day old 0.6 w/s OPC+PFA at 20°C.
(Bar = lOmn.)
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Fig.4.53 Trans-clinker fracture in a I day old 0.3 w/s OPC at 50®C.
(Bar = iMin.)
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Fig.4.54 Trans-clinker fracture in a 1 year old 0.3 w/s OPC at 50°C
(Bar = iMin.)
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Fig.4.55 CH and fibrillar C-S-H in a 1 day old 0.3 w/s OPC at 50°C.
(Bar = I m » )
ir
Fig.4.56 Type I C-S-H in a 9 month old 0.3 w/s OPC at 50°C.
(Bar = 1/xm.)
Fig.4.57 Type III C-S-H in a 3 month old 0.3 w/s OPC at 50°C.
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Fig.4.58-9 Crack tortuosity shown by matching fracture surfaces in
a 1 year old 0.3 w/s OPC at 50*C. (Bar = lO/im.)
Fig.4.60 CH rich region in a 6 month old 0.3 w/s OPC+PFA at 50°C
k
Fig.4.61 7 day old 0.3 w/s OPC+PFA at 50°C,
Fig.4.62 3 month old 0.3 w/s OPC+PFA at 50°C.
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Fig.4.63 9 month old 0.3 w/s OPC+PFA at 50°C.
(Bar = lAim. )
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Fig.4.64 Relative lack of PFA in a 1 year old 0.3 w/s OPC+PFA at 50°C
(Bar = iMiri. )
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Fig.4.65 PFA encapsulation in a 6 month old 0.3 w/s OPC+PFA at 50°C.
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Fig.4.66-7 Matching Fracture Surfaces of a 1 year old 0.3 w/s OPC+PFA
at 50°C. (Bar = lOwm.)
The following optical micrographs are shown in the next nine pages 
Fig.4 . 6 8 3 Day Old OPC.
Fig.4.69 7 Day Old OPC - Load / Displacement Graph.
Fig.4.70 7 Day Old OPC.
Fig.4.71 6 Month Old OPC.
Fig.4.72 1 Year Old OPC.
Fig.4.73 3 Month Old OPC showing Crack Branching.
Fig.4.74 3 Day Old OPC+PFA.
Fig.4.75 7 Day Old OPC+PFA.
Fig.4.76 1 Year Old OPC+PFA showing a PFA in a crack.
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Fig.4.68
Load vs. Displacement for a Notched 
0.3 w /s  OPC Paste broken in 3 Point Bend 
using Diffuse illumination Apparatus.
7 Days Old Specimen.
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Fig.4.69 Load vs. Displacement Graph of a 7 Day Old OPC during 
Diffuse Illumination Microscopy’'.
_c
CL
cj
1 _
en
o
c
u
c
o
CD
in
3
ü _
Cl
• r— I
Q
CD
_l
O
CO
>-
<c
Q
CM
C M
O
e s
LO
CM
c5
O
CJ
CL
O
m
\
co
es
LU
O
CL:
Û Û
LU
CD
z
LU
ÛÛ
CO
Cl
O
û_
co es
“ - V  -
f y _
æ : r '
V 1 A
# t
$
:  -  ^ V  ?•
»  j
» ,
z n
u
c
• r—I
U
CD
CD
>
O
_o
c$
Q-
O
_c
o_
c5
c_
en
o
L.
u
 1 -^*
Fig.4.70
DiFFuse iLlumination micrograph 
Load = 15.8N to 15.5N
m
Ordinary illumination micrograph 
oF above .   F #
6 MONTHS OLD 0.3 w/s 
OPC PASTE BROKEN IN 3 POINT BEND
Fig.4.71
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Fig.4.72
DiFFuse illumination micrograph
Ordinary illumination micrograph.
0.1 mm
3 MONTHS OLD 0.3 w/s OPC PASTE
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Fig.4.74
DiFFuse illumination micrograph
load = 12.6N to 11 .9N
Ordinary illumination micrograph
-oF above
A *  %  .
0.1 mm
7 DAYS OLD 0.3 w/s 
OPC+PFA PASTE BROKEN IN 3 POINT BEND
Fig.4.75
PFA in Fractured specimen
Enlargement oF above micrograph
0.1 mm
1 YEAR OLD 0.3 w/s OPC+PFA PASTE
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CHAPTER 5
5 DISCUSSION.
5.1 Failure Mechanisms In OPC.
In order to investigate the failure mechanism in OPC paste, 90 
specimens of 0.3 w/s cured at 20°C for 38 days were broken in three 
point bend. The fracture surfaces were then examined using a macro 
camera with oblique lighting. This form of illumination highlighted the 
surface texture. A typical example of these fracture surfaces can be 
seen in fig.5.1. It can be seen that the ridges on the fracture surface 
are pointing towards the pore along the edges of the two matching 
fracture surfaces. This pore seems to be the likely cause of failure in 
the specimen. Of the 90 specimens photographed, 89 had similar markings 
leading to a pore (or in a few cases, two pores in close proximity) at 
or near the tensile edge of the fracture surface. From this it is 
possible to conclude that macroscopically visible pores are the most 
likely cause of failure in such OPC pastes.
5.2 Fracture Mechanisms In OPC.
5.2.1 Linear Elastic Fracture Mechanics. -
The cause of failure does not tell us anything about the way that 
the specimens fracture or how much stronger the material is likely to be 
if the cause (in this case, the pores) are removed. For these purposes 
fracture mechanics is required.
The relevance of fracture mechanics in the present study is amply
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Fig.5.1 Optical Macrograph of Matching Fracture Surfaces 
of a 0.3 w/s OPC paste, using Oblique Lighting.
demonstrated by the large correlation between the flexural strength and 
the measured stress intensity factor for the 0.3 w/s OPC paste at 
various curing ages. The correlation coefficient, r, was 0.94, which is 
>99.9% significant. Thus improving toughness ought to improve the 
failure strength of the paste as predicted by fracture mechanics theory.
In the literature review the role of linear elastic fracture 
mechanics (LEFM) and Griffith theory has already been discussed. If 
this applies to cement paste then the failure stress of the specimens 
discussed in the previous section must be related to the flaw size, i.e. 
the relevant pore diameter. The diameters of the pores concerned were 
measured, and have been plotted against the corresponding flexural 
strength in fig.5.2. A correlation coefficient of -0.448 was found 
between the flexural strength (df) and the flaw size (c). Since 
Griffith theory states that <5f is proportional to (see
eq.2.1), df was plotted against c“^/^ as shown in fig.5.3. This 
improved the correlation coefficient to 0.532. It was thought that the 
position of the pore in relation to the distance from the tensile 
surface may further improve the correlation. However, using the centre 
of each pore as its position, and assuming that the bent beam behaved 
linearly elastically, the correlation actually decreased slightly to 
0.497. Therefore the flexural strength of the OPC paste was found to be 
influenced by the size of the flaw only to a limited extent, and the 
applicability of LEFM must not be taken for granted.
Another cornerstone of LEFM theory is that the measured K j q  is 
constant regardless of specimen size or notch depth. Both at 28 days 
and at one year the K j q was found to increase with increasing specimen 
size. Using the 14 mm deep beams it was also found that K j q  decreased
84
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linearly with increasing notch depth. Therefore LEFM cannot be readily 
applied to OPC pastes with the sizes of specimens used in this study. 
It is quite possible that at larger specimen sizes, when any 
non-elasticity is confined to a small volume in comparison to the 
specimen dimensions, LEFM can be applied. However it is difficult to 
predict a minimum beam dimension in view of the scatter in experimental 
results.
If LEFM does apply to OPC pastes then the load/displacement curves 
for the Kjc experiments ought to be linear till fracture. A closer 
examination of the load/displacement curves showed that they were not 
entirely linear. There was a deviation from linearity when around 8 8  to 
98% of the final load was reached. A typical example is shown in 
fig.5.4(inset). The ratio of the limit of proportionality (Pg) and 
the maximum load (Pp) were determined for-each individual measurement 
of Kjc. The ratio, Pg/Pp» is plotted against curing age at 20°C 
in fig.5.4. The OPC shows a peak at around 28 days, and the shape of 
the curve is somewhat similar to the corresponding K j q  vs. curing age 
graph in fig.4.8 . Therefore LEFM is most likely to be applicable when 
Pg/Pp is closest to the ideal 100% level, i.e. at around 28 days.
The correlation between and Pg/Pp could imply that the
variation in is linked to the variation in Pg/Pp (r=0.69,
which is ~94% significant).
Another important evidence for the relative inapplicability of LEFM 
is the microcracking at the notch tip prior to failure at a maximum load 
as observed by diffuse illumination microscopy (DIM). Thus, in general, 
the notch tip is not well-defined in the OPC pastes. This implies that 
the LEFM formulae based on the stability or the growth of a well-defined
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Fig.5.4 Pg/Pp vs. Curing Age at 20°C.
crack or notch cannot be applied, except in the cases where the amount 
of microcracking is insignificant.
Sometimes notch sensitivity is regarded as a necessary criterion 
for the application of LEFM. It is defined as the ratio, dn/^f» 
where 6 ^ is the net failure stress at the notch tip of a flexural 
specimen, and 6f is the failure stress of an unnotched flexural 
strength specimen. Using the standard 14 mm deep specimens with 4 mm 
notches, the present study found d^/df to vary between 0.49 (at one 
year) and 0.60 (at one day) for the 0.3 w/s OPC paste. This compares 
well with other similar studies [87]. However, as Ziegeldorf et al [90] 
have pointed out, this does not imply that LEFM is indeed applicable to 
the OPC paste. Using a simple assumption that LEFM applies to a 
specimen, they derived an equation for notch sensitivity. This 
predicted that (i) there is a minimum in d^/df at a certain a/D;
(ii) there is a decrease in d^/df with increasing specimen size; and
(iii) there is decrease in d^/df with creasing Kj^/df. They 
concluded that notch sensitivity is a necessary but not a sufficient 
condition for the applicability of LEFM. This view is thus consistent 
with the rest of the results discussed in this section regarding the 
relative inapplicability of LEFM to the 0.3 w/s OPC paste.
5.2.2 The Dugdale Model. -
Since LEFM is not readily applicable to cement paste an alternative 
model is needed. The formation of a microcracked zone at the notch tip 
prior to failure led Higgins and Bailey [56-57] to suggest that a tied 
crack model, based on the Dugdale model for metals [58], is applicable 
for cement paste. They deduced a geometry-independent notch sensitivity
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curve by testing a large size range of notched three point bend 
specimens. The Dugdale model gave the best fit to this curve, 
predicting a yield stress (dy) of 12 MPa. The critical crack opening 
displacement and the length of the process zone (s) were
predicted to be about 1 um and 1 mm respectively (see fig.5.5). These 
values were confirmed by DIM.
Although various sizes of Kjc specimens using various notch 
depths were tested in the current study, they weren't large enough to 
obtain a geometry-independent notch sensitivity curve. (The largest 
specimens tested had depths of 2 1  mm, compared to the 1 1 0  mm for the 
work by Higgins [56].) Thus an alternative method was sought to obtain a 
value for <5y. It was decided to explore the possibility of the 
parameter Pg being related to cS^ .
In order to achieve this it is necessary to obtain the stress 
concentration due to the notch. Using the photoelastic observations of 
Frocht and Leven [91] it is possible to estimate the stress 
concentration (k) in the standard 14 mm deep specimens (see 
section 3.6 and fig.3.4) ;-
^ ” dmax/dnom —  ^ Eq.5.1
where <^nom “ 3PL/2B(D-a)^ Eq.5.2
and 6 mqv is the maximum stress at the notch tip.
Assuming that dy is reached when the K j q  load/displacement 
curve becomes visibly non-linear, i.e. at Pg, and equating 6 y  to 
dinax of eq.5.1 gives ;-
dy = 4 x dj^om
= 4 X (3PEL)/(2B(D-a)2)
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Fig.5.5 A Schematic Dugdale / Tied-Crack Model Crack
= (6PEL)/(B(D-a)2) Eq.5.3
Putting in the results obtained for the 28 days old 0.3 w/s OPC paste
[Pe /Pf = 0.972, (3PFL)/(2BCD-a)2) = 8.3 MPa, and E = 25.8 GPa]
we get <3^  = 33.2 MPa. It is also possible to estimate the crack tip
opening displacement and the fracture toughness from <5y, as follows.
For a crack of length, 2a, in a large homogeneous body, the critical 
crack opening displacement can be shown to be [58]
(fc = (8dya/nE)ln[sec(nOf/2dy)] Eq.5.4
If the failure stress (<3f) in the beam is defined as
C5f = (3 PfL)/(2 Bd2 ) Eq.5.5
the ratio, (5f/c3^ , becomes
df/dy = (Pp/PE)(0.5-a/2D)2 Eq.5.6
As a first approximation, eq.5.3 and eq.5.6 can be combined with eq.5.4 
to give
^ r  -  48PELa 
TrEB(D-a)2
In sechrPpCl-a/D)
8Pe
Eq.5.7
Putting in the results obtained for the 28 days old 0.3 w/s OPC 
paste gives = 0.28 Atm. From this analysis it is also possible to
calculate K j q , as follows. Expanding and rearranging eq.5.7 gives 
= (df^a)/(<$y.E) Eq.5.8(a)
Since Kjc is equal to (%/rfa
Gic = “ KlC^/E Eq.5.8(b)
Kic = Eq.5.9
Thus, for the 28 days 0.3 w/s OPC paste, the K j q  is predicted to be 
0.49 MPam^/^, compared to 0.49 MPam^/^ obtained for this specimen 
size, and 0.52 MPam^/^ for the large specimens tested. Using 
eq.5.8(b) (and since Gjc = 2^^) V c  is predicted to be 4.66 Jm“^, 
compared to the measured Vf of 3.96 JmT^ and a Vg of 4.64 Jm“^.
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Thus there is a remarkable agreement between the toughness predicted by 
this simple calculation and the experimentally derived Kic and
If on the other hand the 6^ (= 12MPa) predicted by Higgins and 
Bailey is assumed to be correct for the present OPC paste, then a 
P^/Pp of 0.36 is predicted. Using this Pg/Pp and the rest of 
the data from the present study, the present analysis predicts that f  ^  
= 0.78 Atm, Kic “ 0.49 MPam^^^, and = 4.65 Jm”^. Again the
predicted toughnesses are very close to the experimental ones. Of 
course it is quite possible that the paste may begin to yield at such 
relatively low loads without the load/displacement curve deviating 
enough from linearity to be detectable on the chart recorder. Since the 
predicted toughnesses were the same despite starting from two very 
different values of Pg/Pp, the estimation of <5^  from the shape of 
the load/displacement curve is not feasible. This result is perhaps not 
so surprising if eqs.5.8 (a) and (b) are examined closely. The product 
of cfç. and 6^ must be approximately constant as df and E are 
constant in this calculation.
Though the direct measurement of <3y is not feasible with the 
present data one can speculate on the possible changes in with 
time. It has been suggested [92] that <5y could be determined by 
dy = Nt^A Eq.5.10
where Tg is the average interface shear strength of neighbouring C-S-H 
fibrils or foils which slide past one another; N is the number of such 
fibrils per unit area of failure surface; and A is the surface contact 
area per fibril.
Between one day and 28 days, the SEM evidence suggests that there
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is an increase in N, and also in A - at least until there is no more 
room to grow into in the original inter-clinker void space. The 
combined effect would be to increase and hence increase the
overall strength. The observed increase in toughness is also predicted 
by this model since a greater energy must be expended in order to part 
the larger number of enmeshed fibrils. Similarly the increase in 
Young's modulus can be ascribed to the increasing number of fibrils 
holding the structure together.
The period between 28 days and one year is not so dramatic in terms 
of changes in the microstructure as suggested by the SEM evidence in the 
current study. It is difficult to comment on the changes in T g  as 
there is little evidence on bonding (see review by Mindess in [93]). It 
is possible that the increased amount of the CH may lock the C-S-H 
fibrils, thus raising Tg. However the CH content increases typically 
from 23 wt.% at 28 days to 24% at one year for a 0.36 w/s OPC paste 
[13]. Therefore it seems likely that c5^  increases slightly between 28 
days and one year.
Since the work of fracture (Vp) was found to be roughly constant 
it might be assumed that Gjc is also fairly constant. Hence from 
eq.5.8(b) it might be concluded that if 6^ is thought to increase 
between one day and one year, must decrease during this period. 
Thus the paste ought to become more linearly elastic with increasing 
age. Clearly this prediction is in contradiction to the observed 
experimental results after 28 days. Both Pp/Pg and the amount of 
microcracking observed by DIM increased with age during this period. 
Therefore although the Dugdale model is adequate in describing the 
fracture process up to 28 days, an alternative theory or a modification
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to the Dugdale model is required to account for the observed 
experimental results after 28 days.
5.2.3 The Incorporation Of Discrete Microcracks In The Dugdale Model. -
The Dugdale model was derived originally for homogeneous metals. 
The OPC pastes, however, are a different class of material in three 
important respects. Firstly, the microstructure is porous. Secondly, 
there are a number of phases present in the system. And thirdly, since 
the hydration reaction continues even at later ages, the relative 
amounts of the various phases present change with time. All three of 
these aspects may cause the development of microcracks under stress, and 
therefore, affect the nature of the crack tip process zone which 
develops.
The microstructure of cement paste is heterogeneous from the point 
of view of the size and the shape of the grains and the pores not being 
homogeneous on a micro-scale. A possible stress concentration mechanism 
in a microscopic volume is shown schematically in fig.5.6 . When cement 
powder is mixed with water the angular clinker grains become suspended 
in the water. If there is no contact between two grains a microcrack 
can be thought to exist in the paste already. However, if two of them 
are touching (as shown in fig.5.6(a)), a stress concentrating geometry 
exists at the contact point. It is well-known that within a short 
period of time a C-S-H gel coating surrounds the clinker grains (as in 
fig.5.6 (b)). Not only does this impart strength to the point of contact 
between the two grains, but also reduces their angle of contact, thus 
decreasing the local stress concentration factor as well as the chance 
of microcrack formation. As hydration proceeds there is a gradual
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Fig.5»6(a-c) Schematic diagram of the stages in the 
development of cement microstructure.
infilling of the original inter-clinker void space by the growth of
C-S-H fibrils, etc. Thus the geometry of the pores become less angular, 
and less likely to cause microcracking. The general infilling of the 
void spaces is especially apparent in the SEM pictures up to 28 days. 
This could explain the reduced observed microcracking, and the 
associated increases in Pe /Pf » ^IC» and df up to 28 days of 
curing. Between 28 days and one year it is unlikely that the effect of 
this microcracking mechanism changes much as the SEM evidence show no
major microstructural changes. However it is possible that continued
hydration may partially or totally fill up or "heal" regions of low 
density e.g. gross defects. A statistical analysis of the flaw size
population at different ages should verify this hypothesis.
Microcracking also occurs when more than one phase is present in a 
body. It is quite possible that their respective individual elastic 
constants are different. So when the whole body is stressed it is 
likely that one phase may want to stretch less than the other(s), thus 
causing shear stress(es) at the interface(s). In extreme cases this may 
lead to the formation of microcracks. In a relatively young paste (e.g. 
up to 28 days) such "elastic mis-match interfaces" may exist in the form 
of clinker/C-S-H and C-S-H/CH boundaries. Whereas in the older pastes 
additional interfaces such as inner/outer C-S-H and clinker/inner C-S-H 
have to be taken into account. An example of CH/C-S-H interface 
microcracking can be seen in fig.4.39. However the net effect of these 
interfaces are difficult to quantify as data on the elastic properties 
of each of these phases is not available.
A third possible cause of the microcracking involves the formation 
of the inner hydrate within the original clinker grain boundary. As
92
noted already, beyond a certain point the outer C-S-H gel product of a 
clinker grain will not be able to grow due to the impingement of the 
hydration products of the surrounding clinker grains, as well as of the 
CH crystals. Consequently the hydration reaction must continue inside 
the original C-S-H gel coating, i.e. within the original clinker grain 
boundary. It is well-known that the C-S-H is less dense than the cement 
clinker [94,3]. Thus the inner C-S-H will have a greater volume than 
the clinker it is replacing. This will lead to stressing of the network 
of the outer C-S-H, and may lead to its rupture in extreme cases. Since 
the microstructure of the outer C-S-H changes little beyond 28 days, 
this seems to be a likely cause of the increased microcracking between 
28 days and one year. Cracks of such possible origins can be seen in 
fig.4.38, and can be implied from the observation of inner C-S-H in 
fig.4.37.
Although this may be a small effect, a similar mechanism, involving 
volume changes, may occur with the hydration of the uncombined CaO or 
"free lime". The CH produced by this reaction occupies a larger volume 
than the original CaO. Thus expansion takes place. This is the cause 
of "unsoundness" in cement paste normally. Since the free lime is 
trapped within the clinker grains, it is released over a period of 
months or years [3], as the hydration of the clinker proceeds. Lime 
rich areas containing impressions of clinker grains have been observed 
in the SEM, which provide circumstantial evidence for this process (e.g. 
fig.4.40).
The diffuse illumination microscopy showed that there was very 
little observable microcracking in the 28 days 0.3 w/s OPC paste. It 
should be noted that this does not imply that no microcracking takes
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place at this age. Indeed in two cases the microcracking was observed 
using the shallow notches of the present study, but the specimen failed 
within a few seconds, and photography was not possible. In addition 
Higgins found that deep notches produced observable microcracks.
Besides the direct observation of microcracks on the surface of 
notched beams using DIM, it also possible to get an indirect measure of 
the length of microcracked zone. Kjq measurements of the 14 mm deep 
specimens with variable notch depths showed that K j q  decreases 
linearly with increasing notch depths. On extrapolation of the line to 
a = 0, K j q was predicted to be 0.59 MPam^/^ (see fig.4.14). The
stress intensity factors plotted in that graph were calculated from the 
Brown and Srawley formula [81] as follows, with the assumption that a is 
the actual extent of the notch at the maximum load
K%c = dfal/2.f(a/D) Eq.5.11
but the real stress intensity factor, Kj^, is given by
K ic ” df(a+x)l/2.f((a+x)/D) Eq.5.12
where x is the effective extension of the original notch at maximum 
load. If X is small compared to D then
f(a/D) îr f((a+x)/D) Eq.5.13
At a = 0, assuming that Kjc = Kjc (i.e. 0.59 MPam^/^), and that
df = flexural strength of unnotched specimens,
K ic = dfxl/2.f(x/D) Eq.5.14
Starting with the approximation that f(x/D) = f(0/D), and using the
formula by Brown and Srawley [81], it is possible to arrive at a value 
of X = 0.4 mm. Using this value of x in the f(x/D), x can be found by 
an iterative process. However this affects the second and lower decimal 
places in the value of x, and was not used for this approximate
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measurement. It is interesting to note that despite using the various 
approximations in the calculations, the value of x is about half of the 
length of the process zone as deduced by Higgins and Bailey from the 
geometry-independent notch sensitivity curve. This is not surprising 
since the above analysis assumes that the notch grows cleanly, whereas 
in the Dugdale model, as well as in reality some stress is carried 
across the process zone.
In summary, the OPC paste fractures by the formation of a thin 
process zone at the notch tip. This is true at all ages up to one year 
although the relative extent of the zone is at a minimum at around 28 
days. At early ages the process zone observed in the DIM photographs is 
probably a result of pull-out of fibrils and foils. Whereas at later 
ages the zone consists of discrete microcracks. Thus more tortuous and 
branched cracks have been observed, and the effective <5y (including 
the microcracks) is less in these older pastes.
5.2.4 The Inequalities Between Yp And Measurements. -
One modified Dugdale model is the "fictitious crack model" (FCM)
put forward by Hillerborg et al [95]. Recognizing that cementitious 
systems do not have well-defined crack tips, and that stress is 
transferred through this microcracked zone, they have thought of it as a 
fictitious crack. Instead of using a constant value for the yield 
stress (6 y) they have used a which is a function of the crack
opening displacement. They have defined a parameter, 1^%, known as 
the characteristic length, as follows :-
Ich = GlcE/ft^ Eq.5.15
where Gjc is the critical strain energy release rate (or the
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toughness; G%c = 2 JTp), E is the Young's modulus, and is the
tensile strength. Using finite element analysis it has been found that 
the variation of material behaviour is often a function of of D/l^h, 
where D is the depth of the specimen [96]. It has been calculated that 
LEFM is applicable to the material if D/l^h > 10. This dimensionless 
parameter, 0/1^%, has been plotted against curing age for the 0.3 w/s 
OPC pastes in fig.5.7, using Gjc = 2 % p  and f^ = df. It can be 
seen that there is a peak at 28 days. This agrees qualitatively with 
the Pg/Pp measurements which also predict a peak in the relative 
applicability of LEFM at this curing age. However, quantitatively, the 
criterion that the D/l^h should be greater than 1 0  is found to be too 
low, as tests on different sized specimens and notches have shown that 
LEFM is not applicable even when D/l^h = 16 (as in the 28 days case).
The quantitative discrepancy may be accounted for if it is 
recognized that X p  represents a different type of toughness 
measurement compared to Yc* (N.B. Yp is the measured work of 
fracture, whereas Yg. is the toughness value derived from K j q and E 
measurements.) Contrary to Petersson's suggestion that Yc is equal to 
Y p if a sufficiently large specimen is used, and that Y^^^Vp when 
small specimens are used, the present study has found that for
pastes aged between 3 days and 3 months despite using relatively small 
specimens. The cause for this may be illustrated by reference to work 
by Hillemeir and Hillsdorf [97]. Using compact tension specimens with 
different initial notch depths, they cyclically loaded the specimens to 
get Kjc for various crack lengths. Initially as the cracks grew, the 
Kjc was found to decrease. Beyond a certain crack length K%c 
stabilized to a constant value. This was found to be unique
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Fig.5.7 D/lch vs. Curing Age at 20°C.
regardless of the initial notch depth. This behaviour was explained by 
the suggestion that there is a larger number of microcracks at the notch 
tip at the start of the crack propagation than during the actual crack 
propagation when only one crack propagates. The present study has found 
some evidence to support this theory as some DIM specimens showed two 
possible microcrack sites prior to the maximum load being reached. When 
the specimen failed only one of these microcracks grew into the failed 
crack. Thus the Ki^ tests measured the energy required to form a
process zone, whereas the work of fracture tests measured the work done 
in propagating a single crack through the specimen. (However it should 
be noted that t p  also includes the work done in creating the initial 
process zone. This process zone contribution can be minimised by the 
use of larger specimens, as demonstrated by Eden and Bailey [59].)
If Kjc is assumed to be 0.54 MPam^/^ (the value obtained for D
= 14 mm, and a = 2 mm specimens), D/l^h = 12, and if K k  ^ = 0.59
MPam^/Z (the extrapolated value of in fig.4.14) then D/l^h =
10. Indeed the real Kj^ may be higher than these figures, and
consequently the FCM predictions regarding the relative applicability of 
LEFM, using finite element modelling (FEM), may still be correct.
In addition it should be noted that X when the OPC paste 
was tested at 1 day, 6 , 9, and 12 months. It is quite possible that the 
length of the microcracked zone was sufficiently large in these cases 
(as indicated by the correspondingly low Pg/Pp values) to decrease
beyond X"p due to the lowering of the compliance. In the one day 
old paste it is also possible that the increased crack tortuousity 
(avoiding low porosity regions such as CH), as observed by Berger [98], 
and by Dalgleish et al [70], increases the ^p. Thus the inequalities
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between the measured Y  f arid can be explained by a combination of
multiple cracking at the notch tip, and the lowering of the specimen 
compliance.
5.2.5 The "Inverse" Size Effect. -
Table 5.1 Weibull Modulus of Flexural Strengths.
Age mi ms % v
OPC
1 day 2.4 5.9 4.15
3 days 7.9 4.7 6.3
7 days 5.5 4.1 4.8
28 days 6.3 1 0 . 1 8 . 2
3 months 6 .6 9.2 7.9
6 months 10.7 10.5 1 0 . 6
9 months 7.4 7.2 7.3
1 year 16.7 1 0 . 6 13.65
OPC+PFA
1 day 7.8 6.7 7.25
3 days 4.9 7.3 6 . 1
7 days 6.7 5.2 5.95
28 days 10.7 7.6 9.15
3 months 1 1 . 2 9.0 1 0 . 1
6 months 13.4 13.5 13.45
9 months 1 0 . 2 8.9 9.55
1 year 15.0 8 . 6 1 1 . 8
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The FCM also predicts that the flexural strength should decrease 
with increasing beam depth. For example there should be a 24% decrease 
in strength when D/l^h is increased from 1 to 5 for a wet concrete
[95]. A similar sort of prediction can be made by using Weibull 
statistics [99-101]. This is based on the "weakest link" model.
Weibull assumed that the risk of rupture is proportional to a function 
of the stress and the volume of the specimen under stress. He stated 
that the probability, P, of survival under a stress, 6, is 
P = exp[-V((5/(5'o)^] Eq.5.16
where is a normalising parameter of no physical significance, V is
the volume under stress, and m is number, usually referred to as the 
Weibull modulus, which reflects the variability in strength. The higher 
the m is, the less variable is the strength.
A convenient way of plotting the data is to plot lnln(l/P) against 
In <5 which should give a straight line of gradient m. However problems
arise in defining the value of P. This is usually done by arranging the
data in ascending order, and then the ith rank sample from a total of n 
sample has a survival probability of
P = l-i/(n+l) Eq.5.17
Under an uniform stress on two specimens of volume, Vg and V%, 
it follows from eq.5.16 that
(^Vi/^Vg) = (Vg/Vi)l/M Eq.5.18
(For simplicity this analysis assumes that there is no upper limit to 
the flaw size). Hence a larger specimen would expect to fail at a lower 
stress, as the chances of finding a large flaw is greater in the larger 
volume under stress.
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Using this analysis the Weibull modulus (m) of the flexural 
strength data was computed for the OPC paste as shown in table 5.1. The 
Weibull modulus varies between the large (m^) and the small (mg) 
samples (the large ones being 70 mm span x 25 mm breadth x 14 mm depth, 
and the small ones being 150 x 9 x 5 mm). This is to be expected as for 
a better estimate of m a much larger number of samples is needed. (The 
values obtained for m were typical of those obtained for other ceramics 
[102].) An average (m^v) of m^ and mg was taken as an approximate 
estimation of the real m. Then using eq.5.18 it was possible to predict 
the drop in strength with increasing the size of the specimen at a 
constant age of curing (see fig.5.8 ).
As mentioned in section 4.1, the data presented in fig.4.1 does not 
include a correction factor for "wedging effects". The corrected 
flexural strengths were obtained using the following equation 
dcorr = cJ[l-[(4D)/(3fTL) }] Eq.5.19
Using these corrected values the actual drop in flexural strength with 
the larger specimens is shown in fig.5.8 .
The predicted drop varied between 27% at one day and 9% at one 
year, whereas the actual drop varied between 26% at nine months and -13% 
at seven days. The actual drops were lower than the predicted ones up 
to about two months, and were greater afterwards. The trough at around 
7 days was slightly earlier than the maxima observed in <5f, Kj^, and 
Pe/Pf«
Despite the statistical variations in any given set of flexural 
strength data, the difference in the means of the large and the small 
specimens in the worst case (7 days) is significant to 99% (using the
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"t-test"). However the reason for this inversion in the size effect is 
not clear. Further work should be done to investigate the cause of this 
effect.
5.3 Fracture Mechanisms In OPC+PFA.
5.3.1 Introduction. -
The three point bend tests indicate that replacing 25wt.% of the 
OPC in the 0.3 w/s paste causes the flexural strength, the Young's 
modulus, and the toughness (both in terms of and Yp) to be less 
at early times. With the exception of Yp, all these parameters are 
better at later ages. For example, the OPC+PFA was 10% stronger than 
the control OPC in flexural strength by one year of curing. The 
crossover or equalization point can occur at anytime between a few days 
and a few months depending on the particular mechanical property being 
investigated. The present work also found that by three days the 
OPC+PFA paste had achieved at least 75% of the value of each of the 
parameters tested when compared to the control OPC.
The initial sluggishness in gaining strength, stiffness, and 
toughness reflects the relatively inert nature of the PFA particles at 
the early curing ages. In general the microstructure is more fibrillar 
and less dense at these early curing ages (see figs.4.40 and 4.41). 
This is due to the water/cement ratio being 0.4 in these 0.3 water/solid 
ratio OPC+PFA pastes. The network of bonds formed by the hydrating 
cement grains is confined within 75% by weight (and slightly less by 
volume) of the OPC+PFA paste. Hence the number of inter-particle 
contact points is less in the PFA added paste. This has been suggested
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by Massazza too [63]. Another cause of the weak mechanical properties 
is the retardation effect which the PFA has on the C 3 A and C 4AF 
hydration [64]. However, the situation is complicated by the suggestion 
that the calcium silicates in the OPC hydrate quicker in the presence of 
PFA particles due to the latter forming precipitation sites for CH 
crystals and even C-S-H gel [31]. This, along with the fact that the 
different mechanical tests measure different aspects of the 
strengthening mechanism, may help to explain the different curing ages 
encountered before the equalization points were reached.
Up to six months the replacement of 25% of the OPC by PFA does not 
alter the general shapes of the respective age vs. flexural strength. 
Young's modulus, K ^ ,  and Pg/Pp curves. Clearly this is because 
the OPC part of the OPC+PFA paste plays the active part in the
mechanical properties build-up. However, there are a few important 
differences. The flexural strength of the OPC+PFA was higher than that
of the control OPC after about 10 days. One cause may be the increased
amount of C-S-H gel due to the retardation of the C 3 A and C 4AF 
hydration in presence of the PFA, as already mentioned. Another cause 
may be any porosity differences between OPC and OPC+PFA. Though 
traditionally strength has been linked to porosity [3], its role is 
difficult to predict in the OPC+PFA pastes. The PFA is about 22 to 25% 
less dense than the OPC powder (according to the data supplied by Blue 
Circle Industries PLC, the sponsors of this project). Thus a paste made 
up on a weight basis will contain more solid per unit volume, and 
potentially lower porosity. However the PFA itself has porous
particles, and hence porosity cannot be easily incorporated into any 
strength model. A more probable reason is the improvement in rheology
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by incorporating the more spherical PFA particles (see table 3.3). Air 
bubbles, which act as strength reducing flaws, are thus reduced in the 
less viscous OPC+PFA paste during the casting procedure. This 
hypothesis was supported by macro-photography of a small number of
specimens using the technique described in section 5.1.
5.3.2 Linear Elastic Fracture Mechanics. -
Though the cause of failure in the OPC+PFA paste is similar to that 
in the OPC case, the fracture mechanism is slightly different. K jq 
tests on different sized specimens indicate that Kj^ varies to a 
lesser degree with the size of the specimen. Thus LEFM may be thought 
to be relatively more applicable to the OPC+PFA pastes. A similar 
conclusion can be drawn from the higher Pg/Pp values, and the 
relative lack of microcracking observed in the OPC+PFA pastes. For
example, beyond seven days of curing, the Pg/Pg for the PFA paste
was higher than the corresponding OPC values by 0.9 to 7.6% (see 
fig.5.4).
5.3.3 The Dugdale Model. -
Clearly the presence of PFA in cement modifies the fracture
behaviour; nevertheless DIM demonstrated the development of a process 
zone at a crack tip on application of load for some of the less matured 
specimens. The tied crack model parameters would appear to have altered
with respect to OPC as shown by the change in Pg/Pp values. Using
the method outlined in section 5.2.2 an attempt was made to deduce <5y 
from Pg/Pp. From eqns.5.3 and 5.7 for the 28 days old 0.3 w/s 
OPC+PFA paste (Pg/Pp = 0.981, (3PpL)/(2B(D-a)2) = 7.2 MPa, and
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Eg = 25.1 GPa) <5y were predicted to be 0.24 Aim and 28.3 MPa
respectively. The K j q and the Yq were predicted to be 0.41
MPam^/^ and 3.4 Jm“^ respectively, compared to the experimentally 
determined Kjc of 0.43 MPam^/^, Yp of 3.15 Jm”^ and Y g  of 3.23
Jm'Z. Thus this simple analysis has yielded a remarkably good set of
predicted results for the toughness. Similar calculations at different 
curing ages also predicted toughness values close to those 
experimentally determined. However, changing the value for 0^ to 
other values, e.g. 12 MPa or 20 MPa, does not seem to affect these 
predictions, as was also seen in the OPC case. Thus as noted already in 
section 5.2.2 that as the product of and <3^  is approximately a 
constant, direct computation of <5^  is not possible from the present 
data.
It is still instructive to speculate on the variation of c5^  with 
age, using eq.5..10. As already stated, the large amount of OPC in the 
OPC+PFA system has a dominating effect on the various mechanical 
properties. However, there may be some subtle differences to 6^ with 
the introduction of the PFA. For example, it has been found that a 
greater degree of silicate polymerization takes place in the C-S-H gel 
of the OPC+PFA pastes than in 100% OPC pastes [103]. This along with 
the fact that the C/S ratio is lower in the C-S-H gel of the OPC+PFA 
paste [28], may indicate a different distribution of bonds in the C-S-H 
structure. This might affect the strength, and perhaps the inter C-S-H 
particle bonding. Thus may be different in the OPC+PFA pastes.
The greater w/c ratio in the OPC+PFA pastes gives rise to a smaller 
number of inter-particle contacts, and hence oy might be lower than in 
the corresponding OPC paste. However, since the C-S-H part of the paste
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is confined to about 75% of the paste, and the rest is solid PFA it is 
debatable whether <3y has increased or decreased per unit area of the 
total paste, when compared to the control OPC paste.
The pozzolanic reaction contributes noticeably to the Kjq and the 
Pg/Pp beyond six months of curing, when both stop decreasing, and 
start to increase (see figs.4 . 8 and 5.4). Since the product of the 
pozzolanic reaction is C-S-H gel, (5y may increase. Yet the removal of 
one of the reactants, CH, may lower Tg, as CH may help to "lock" C-S-H 
fibrils normally. Thus there are no clear indications regarding the 
6 y of the OPC+PFA paste compared to that of the control OPC paste, if 
the debate is confined to the original Higgins and Bailey concept of the 
tied crack or Dugdale model.
5.3.4 The Relative Absence Of Microcracking In OPC+PFA. -
As described in section 5.2.3, the development of microcracks due 
to the generation of high localized stresses under certain conditions, 
can help to explain many of the mechanical features of the OPC paste. 
Besides the mechanisms involved in such stress generation for OPC 
pastes, the role of the PFA must be considered.
The PFA particles are generally spherical in shape. Hence the 
resulting microstructure has more rounded features. This results in the 
lowering of local stress concentrations. The gap between the PFA 
particles and their corresponding reaction products (as seen in SEM 
photographs, e.g. fig.4.43 and 4.45) will have the same effect as a 
small pore. Thus microcracks, if at all formed during hydration or 
stress application, would be blunted as the chances of running into such
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a "PFA-pore" are high.
In terms of "elastic mis-match", and of weak interfaces causing
cracks at low stresses, the removal of CH by the pozzolanic reaction
should decrease possible sites for microcracking. According to Huang 
Shiyuan [13], the CH content of a 0.36 w/s OPC+20wt.%PFA paste goes down 
from 19% at 28 days to 15% at one year. The corresponding OPC paste
figures are 23% and 24% respectively.
The increase in w/c ratio should mean that there is a smaller 
amount of inner C-S-H gel as there is more room for the outer C-S-H to 
form, as confirmed by scanning electron microscopy. This may lead to 
less strain generation due to volumetric effects. Other interfaces, 
such as C-S-H/PFA and CH/PFA, may affect the amount of elastic 
mis-match. But the gaps around the PFA particles as well as the
spherical shape of the PFA may rule these out.
Hence, overall, it is less likely that microcracking will take
place in the OPC+PFA pastes. This has been confirmed directly by DIM 
pictures, and indirectly by the higher Pg/Pp. Nevertheless, some 
stress relaxation at the notch tip does take place prior to the maximum
load being reached, as Pg/Pp is not 100% at any of the curing ages
tested.
It is difficult to obtain a measure of the amount of microcracking 
in the 28 day paste as direct observation using DIM proved unsuccessful 
in detecting cracks except for pastes up to seven days old. Neither is 
it possible to obtain an indirect measurement from the variable notch 
depth specimens as attempted in section 5.2.3 for the corresponding OPC 
paste. The of the 14 mm deep OPC+PFA specimens did not obey a
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linear relationship with notch depth. Instead, was found to peak 
at around a/D = 0.5. It is interesting to note that Petersson's
prediction using FCM and FEM gave a somewhat similar profile [96]. Thus 
the possibilty exists that a small microcracked region may indeed form 
prior to the maximum load being reached. Calculation of the 
dimensionless parameter, D/lch, shows that it is higher in the OPC+PFA 
paste than in the control paste for most of the curing ages tested (see 
fig.5.7). Hence LEFM should be relatively more applicable to the 0.3 
w/s OPC+PFA paste, than the corresponding OPC paste.
In summary, the OPC+PFA pastes are less prone to microcrack 
formation when stressed. This is attributed to the spherical shape of 
the PFA and the removal of CH. The increase in w/c ratio is also 
thought to contribute to the relative absence of microcracks. Thus the 
relatively small size of the process zone should allow the use of 
laboratory sized specimens when evaluating K jq using LEFM techniques.
5.4 Water/Solid Ratio.
Water/solid ratio (w/s) has an important role to play in 
cementitious systems. It influences the microstructure and hence the 
mechanical properties. On increasing the w/s for both OPC and OPC+PFA 
pastes, there is a decrease in flexural strength. Young's modulus, 
Kjc, and work of fracture. The decreases can be explained by the 
decreasing amount of inter-particle contact points with increasing w/s. 
Evidence to support this comes from the more open microstructure seen in 
the SEM, and the decrease in bulk density with increasing w/s.
The w/s ratio is also particularly relevant to the OPC+PFA paste
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because the PFA acts like an unreactive fine aggregate in the early 
stages of the hydration process. Thus the water/cement ratio (w/c) is 
higher in the OPC+PFA paste. However by 28 days the PFA contributes to 
the Young's modulus and the as indicated by the w/c graphs in 
figs.4.18 and 4.20. The PFA contribution is more significant at lower 
w/c ratios. Indeed, beyond 0.6 w/c, the OPC and the OPC+PFA lines 
almost merge. Thus at higher w/c ratios the PFA is acting like an 
unreactive aggregate even at 28 days. This is related to the build-up 
of mechanical properties over a period of time for different 
water/cement ratios. Taplin [104] found that for OPC pastes, though the 
initial hydration reaction rate was higher, it decreased more rapidly at 
lower w/c ratios. Hence the more closely the original clinker particles 
are packed, the more quickly the OPC hydration is retarded. In addition 
he found that there was no drop in flexural strength after one month in 
OPC pastes with w/c ratios of 0.5, 0.65 and 0.8, whereas reductions were 
found in w/c ratios of 0.35, 0.25, and 0.157. Since most of the
hydration products are likely to be deposited outside the original 
clinker grain boundaries in the higher w/c ratio pastes, any of the 
volumetric strains mentioned in section 5.2.3 will be lessened in the 
higher w/c ratio pastes. The possibility of microcracking due to the 
geometry of the pores will be reduced too as a result.
As the replacement of OPC by PFA increases the w/c, it is 
interesting to note that Huang Shiyuan [13] found that there was no 
reduction in flexural strength when more than 30 to 40% of the OPC was 
replaced by PFA. The 40% PFA raised the effective w/c from 0.36 to 0.6 
in that study. Thus the relationship between w/c and the PFA/OPC ratios 
must be taken into account when dealing with OPC+PFA systems. In terms
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of the Dugdale model an exhaustive series of experiments involving 
different sized specimens or DIM of different w/s was not possible
within the time limit of this project. However in view of the decreases 
in 6f, Kjc, E3 , and Y  p, with increasing w/s ratio, and the
correspondingly more open microstructure observed in the SEM, and the 
lower bulk densities, it is likely that <5y is lowered with increasing 
w/s. Further work is required to clarify this view.
5.5 Specimens Cured At 50°C.
The limited programme of work at 50®C showed that there was a rapid 
acceleration in flexural strength. Young's modulus, Kj^, and 
within the first day for both OPC and OPC+PFA pastes. This reflected 
the higher rate of OPC hydration at this temperature, as shown by the 
SEM micrographs (e.g. 4.53). The outer C-S-H gel matrix is well
developed by the end of the first day, and it is even possible to see 
trans-granular fracture through unhydrated cores of clinker.
This rise continued till seven days in the Young’s modulus, 
and flexural strength of OPC, albeit at a slower rate. Between seven 
days and one year the OPC flexural strength and Young's modulus
virtually levelled off with perhaps a gentle peak at 3 months and 9
months respectively. Toughness measurements from both and Xp
were found to be constant too (except for a sharp peak in K j q  at seven 
days - the origin of which is not clear). During the same period the 
OPC microstructure was not found to change much except in the extent of 
the inner hydration product. Thus the strength, the stiffness, and the 
toughness appear to be largely governed by the rapid formation of the 
network of outer C-S-H.
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Generally the OPC flexural strength and K%c were found to be 
higher in the 50°C paste than in the 20®C paste. For example at one 
year the 50®C paste was stronger and tougher (K^) than the 20°C paste 
by 10% and 27% respectively. This was as a result of the probably 
larger amount of microcracking in the 20®C paste. Though the failure 
mechanism in the 50®C pastes was not investigated in enough detail, the 
parameter Pg/Pp was found to be higher than that of the 20°C pastes 
between three months and one year.
Up to about six months of curing the OPC+PFA paste was found to be 
similar to the control OPC paste in flexural strength. Young's modulus, 
and Kj(^ . Equalization points occurred within one or two days for all 
of these parameters. However further crossovers were also observed 
during this period, thus suggesting that there is little difference 
between the two types of paste. Therefore the pozzolanic reaction 
contributes to these mechnical properties as much as the OPC hydration 
by one or two days. The relatively fast progress of the pozzolanic 
reaction in the first few days was confirmed by scanning electron 
micrographs (e.g. fig.4.61) - though it must be noted that PFA spheres 
were still visible in significant numbers.
There were large increases in flexural strength and K j q of the
OPC+PFA paste between six months and one year. At the same time the PFA
particles began to disappear in significant amounts (e.g. fig.4.64).
The microstructure of the one year old paste consists mainly of dense
C-S-H gel, which forms as a result of the hydration of OPC, as well as
the pozzolanic reaction. Since C-S-H is the "glue" in the cementitious
system, its increase may be the cause of the rise in flexural strength 
/
and KiC' However, Young's modulus, and work of fracture remained
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virtually constant during the same period. This lack of change in
Young’s modulus suggests that both the hydration of the OPC and the 
pozzolanic reaction produce the same degree of bonding in the pastes as 
before the reaction at these later ages. It is possible that the
location of the new bonds holds the key to the question of the rapid
increase in strength and K ^ .  It seems likely that the removal of
large amounts of CH (as implied by the extent of the pozzolanic
reaction) causes less local stress concentrations, and hence less 
microcracking, as discussed in section 5.2.3. Due to the large scatter 
in Pg/Pp results of these older pastes, this cannot be confirmed by 
the present study. However, if this suggestion is correct, then )T p 
should not be affected by the change in microcracking, as î(p is a 
measure of the energy needed in the whole fracture process.
The increase in temperature also caused the potassium, leached from 
the PFA, to be distributed evenly through the microstructure. As 
mentioned in section 4.12, this may be responsible for the disappearance
of the gap between the PFA and its reaction products in these high
temperature pastes. Thus the fracture path was seen to reveal unreacted 
cores of PFA only occcassionally. This may be the reason for the
increase in Yp of the 50°C pastes compared to those of the 20°C
pastes, especially after seven days.
Overall there seems to be two key differences between the 20°C and
the 50°C pastes. Firstly, there is a rapid build-up in df, K ^ ,  
E3 ,. and Ifp within the first day for the 50°C pastes due to the 
higher rate of reaction for both the OPC hydration and the pozzolanic 
reaction. Secondly, the large increases in and c5f of the 50°C 
OPC+PFA paste after six months is attributable to the relative
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disappearance of the PFA due to its consumption in the pozzolanic
reaction.
5.6 Stress Corrosion.
Time is an important element when trying to determine when and how
a cement paste will crack. As discussed above, the curing age can have
a substantial effect on the mechanical properties of the paste. In 
addition to this, the time taken in loading the sample, or the loading 
rate, can influence mechanical properties, as demonstrated by the
Es/Eres vs. curing age graph in fig.5.9. The Eg specimens were 
loaded over a period of a few seconds, whereas the E^gg specimens were 
loaded over a period of four or five orders of magnitude less.
Furthermore, the strains involved in the Eg tests were in the order of
magnitude of the failure strain, compared to the almost negligible 
strains of the E^gg tests. It is well known that for concrete there 
is a significant element of inelasticity involved in static compressive 
stiffness (Eg) testing [105-106], and that dynamical testing should be 
used for the evaluation of the true elastic parameters.
Traditionally, the difference between E^gg and Eg (or Eg) is
thought to be due to creep [3]. The current study found that, under 
sustained loading conditions, DIM specimens often failed within a few
seconds (i.e. flexural static fatigue was observed). Other workers have 
found that the time to failure for static fatigue specimens decreases 
with increasing relative humidity of the equilibrated specimen. Thus 
sub-critical crack growth is increased by the presence of water (see 
Mindess in [93] for review). A stress corrosion mechanism has been 
proposed to explain this, involving the splitting of the -Si-O-Si- bonds
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Fig.5.9 Eg/Epeg vs. Curing Age at 20°C.
in the C-S-H by OH" ions in the pore fluid. Thus stress corrosion may 
partly explain why E^es ^ ^3 *
There seems to be a correlation between Eg/Ergg and Pg/Pp - 
compare figs.5.9 and 5.4. (The correlation coefficients (r) are 0.89 
and 0.68 for OPC+PFA and OPC respectively, which are >99% and >90% 
significant.) Thus the formation of microcracks at the notch tip of 
Kic specimens may be linked to the inelastic processes occurring in 
flexural specimens loaded to failure. The possibility also exists of 
applying the parameter, Eg/E^eg, as a guide for predicting the 
relative applicability of LEFM for a cementitious system. This 
phenomenon requires further investigation.
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6 CONCLUSIONS.
(1) Though macro flaws were identified as the likely source of failure 
in OPC pastes, LEFM was found to be inapplicable due to the 
measured varying with specimen size.
(2) This result was linked to the presence of a process zone which was 
observed using a sophisticated Diffuse Illumination Microscopy 
attachment. Its extent was found to vary during the period of 
testing (between one day and one year).
(3) A minimum in the process zone size was observed at around 28 days. 
This coincided with peaks in flexural strength, stress intensity 
factor, and Pg/Pp (which is a measure of the non-linearity of 
load/displacement curve in the Kjc measurements).
(4) The Dugdale / tied crack model gives a good account of the 
mechanical properties up to 28 days. However between 28 days and 
one year the model has to be modified to take into account 
microcrack formation due to internal stress formation and other 
causes.
(5) The replacement of 25 % OPC by PFA caused the paste to be weaker 
(in flexural strength), less stiff, and less tough at early 
times, and vice-versa at later ages. For example there was a 10% 
difference in flexural strength and a 6 % difference in Young's 
modulus at one year.
(6 ) The equalization points occurred between a few days and a few 
months, depending on the particular property being studied.
(7) The higher strength of the OPC+PFA paste is thought to be due to 
the reduction in size of macro defects which results from the 
improved rheology of mixing by incorporation of the spherical PFA
114
particles.
(8 ) The application of LEFM to PFA containing pastes appears to give
more accurate measurements as shown by different sized
K ic specimens. This hypothesis is supported by the relative 
absence of microcracking in OPC+PFA as observed by DIM.
(9) On increasing the w/s of both OPC and OPC+PFA pastes, there are 
decreases in flexural strength. Young's modulus, K j q , and work 
of fracture. This can be attributed to the decreasing amount of 
inter-particle contact points with increasing w/s ratio.
(10) Increasing the curing temperature to 50°C gives rise to a rapid 
acceleration in df, E3 , Kjc, and for both OPC and
OPC+PFA pastes. After a few days the OPC paste does not appear to 
change in any of these properties by a large extent generally. 
However the OPC+PFA gained rapidly in strength and Kjc after 
six months. This coincided with the disappearance of significant 
amounts of PFA particles from SEM observations.
(11) A static fatigue effect was observed with the DIM experiments
on both OPC and OPC+PFA pastes at 20°C. A stress corrosion
mechanism may account for this result.
(12) There appears to be a correlation between Eg/E^eg and 
Pg/Pp. This opens up the possibility that by simply 
evaluating Eg/Epgg it would be possible to predict if large 
errors would result from the application of linear elastic 
fracture mechanics to a particular cement paste (or perhaps even 
concrete).
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7 SUGGESTIONS FOR FURTHER WORK.
Despite testing to failure some 2,500 specimens and taking about 
1 , 0 0 0  micrographs, a number of questions has arisen, which any future 
research should try to answer. Firstly, an attempt should be made to 
derive values of 6y and from geometry-independent Kj^ vs. notch 
depth curve for both OPC and OPC+PFA pastes at different ages, 
temperatures, and w/s ratios. This should be backed up by Pg/Pp 
measurements, as well as DIM and SEM. Thus a fuller understanding of 
the fracture mechanism under various conditions will emerge.
Variation of the PFA content in such experiments should also be 
useful when determining the optimum PFA content in commercial mixes. 
The fracture mechanics of concrete using PFA should also merit a 
sizeable research effort, due to the possibly large scale use of this 
product.
The incorporation of PFA into the macro defect free (MDF) type of 
cement paste should be an interesting avenue to explore too. It may 
well be that a MDF type cement paste may suffer from a strength 
reduction and/or microcracking at later ages, and perhaps the 
incorporation of PFA may reduce this tendency. In addition the 
spherical PFA may enhance the rheological properties of the MDF paste, 
and thus increase the strength by a greater amount than the more 
conventional OPC pastes.
The last section of the "Discussion" chapter of this thesis raises 
an interesting question regarding the link between Eg/Ergg and 
Pg/Pp. This topic merits further investigation, since evaluating 
this parameter (or Eg/E^es) would be relatively easy in any quality
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control laboratory. Thus one would have an easy way of predicting 
fracture mechanics characteristics.
As for new technology which may help with research on cementitious 
materials, the most promising one seems to be the "Scanning Tunnelling 
Microscope". [See Binnig,G., and Rohrer,H., in "Scientific American" 
August (1985) pp 40-46.] This instrument is based on the detection of 
electrons outside the atoms due to the tunnelling effect. It is capable 
of resolving features that "are only about a hundreth the size of an 
atom." Possibilities exist for viewing the samples under water (as well 
as in air under normal atmospheric pressure), which is clearly a great 
advantage for viewing cement pastes. However some resolution is lost 
with the presence of water, and the leaching of ions from the cement 
sample may upset the electrical field. Nevertheless this instrument 
seems to have great potential in decoding the molecular structure (or 
indeed the lack of it) in the C-S-H gel. It would be interesting to see 
if the C-S-H produced by pozzolanic reaction is greatly different in 
molecular structure from the C-S-H produced by the hydration of the 
calcium silicates in OPC.
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9 APPENDIX I^
CORRECTION FACTORS FOR DEFLECTION OF THREE POINT BEND 
SPECIMENS DUE TO SHEAR STRAINS.
Using the set-up described in sections 3.2.2 and 3.4.1 it was found 
that the Young's modulus of OPC paste was half of the values quoted in 
the literature by Alford et al [55] using the same method of 
determination. They have also reported that thicker specimens tended to 
give unreliably low values for Young’s modulus in the bend test, and 
thicknesses of - 2  mm were required.
In order to check the effects of varying the thickness and the span 
to depth ratio (L/D), a series of different thicknesses and L/Ds were 
used to evaluate Eg (from eq.3.2). Fig.I.l shows Eg plotted against 
L/D for both the pastes using a specimen thickness of 5 mm. It can be 
seen that smaller L/Ds produced smaller values for Eg. This was 
confirmed by a parallel set of experiments carried out on de-aired 
cement paste by Eden [59].
This type of a decrease in Eg has been explained by an added 
deflection, Ysh» due to shear stresses being involved [e.g. 
Warnock,F.V., and Benham,P.P., "Mechanics of Solids and Strength of 
Materials." p.236,Pitman (1965)]. Yg^ can be calculated as follows :- 
Ygh = 3PL/10BDG Eq.I.l
Since G = E/2(V+1) (See eq.4.2)
Ygh = 3P(1+V)L/5BDE Eq.1.2
Assuming that the bending and the shear displacements are only 
responsible for the total deflection, Y-j, combining eqs.3 . 2  and 1 . 2
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Table I.l Experimental Eg, and Predicted Eçh for Different 
Span ^  Depths Ratios (L/D) with D = 5mm.
L/D 23 Esh
OPC
1 0 17.1 ± 0 . 6 25.1
15 23.7 ± 0.7 25.6
2 0 25.4 ± 0 . 6 25.7
25 24.7 ± 0.3 25.8
30 25.8 ± 0.7 25.8
O O - 25.9
OPC+PFA
1 0 15.0 ± 1 . 1 24.5
15 19.4 ± 1.4 24.9
25 21.9 ± 0.9 25.1
30 25.1 ± 0.5 25.1
o o - 25.2
gives
?T = + ?Sh
= ( P L / 2 0 B D E ) [ 5 ( L / D ) 2 + 1 2 ( l + y ) ]  Eg.1.3
If the real value of the Young's modulus, (theoretically measured
with L/D — > i.e. when YB»Ygh) was known, it would be possible
to predict to what value the measured Young's modulus, Egh, would drop
due to the shear stresses according to the following equation
Egh = E*/(1+Ysh/YB) Eq.1.4
From eq.1.4 and the right hand side of eq.1.3 we get
Egh = E /[1+{12(1+V)d 2/5l2}] Eq.1.5
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Egh was calculated for the data shown in fig.1 ,1 , and is given in 
table I.l along with the experimental data. The values for Vr used in 
calculating Eg^r were obtained from table 4.3. If these values of 
are correct, the amount of lowering of the Young's modulus predicted by 
the shear theory alone is insufficient to explain the larger 
experimental drops. Conversely if there is no other mechanism by which 
the Young's modulus drops, and the Eg^ in eq.1.5 was substituted by 
the Eg results, the Pois son's ratio would be in the range 2 to 40. 
Clearly this latter idea is inconsistent, and an unknown component,
Yy, has to be added in the total deflection.
Yt  = Yb + Ygh + Yu Eq.1.6
In practice this Yy may be accounted for by crushing of the paste at
the loading points in the three point bend tests.
In conclusion, the results of this series of experiments indicated 
that a L/D = 30, and a beam thickness of 5 mm would give a sufficiently 
accurate measurement of Eg.
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10 APPENDIX II
COMPUTER PROGRAMS.
10.1 "MORMASTER"
This program calculates the FLEXURAL STRENGTH (or the Modulus Of 
Rupture), and the YOUNG'S MODULUS of THREE POINT BEND SPECIMENS.
50 PRINT
51 PRINT
91 PRINT
92 PRINT 'N','P(N)','B(m)','D(m)','Y(m)'
94 DIM 0(30)
95 DIM R(30)
96 DIM U(30)
97 DIM W(30)
98 DIM E(30)
100 READ L,A 
110 FOR N=1 TO A 
120 READ P,B,D,Y 
125 LET Q(N)=(L/D)
130 LET R(N)=(1.5*P*L)/(B*D*2)
135 LET E(N)=(P*L"3)/(4*B*Y*D"3)
140 PRINT N,P,B,D,Y
145 NEXT N
146 PRINT
150 PRINT 'N','MOR(Pa)','E(Pa)','L/D'
155 FOR N=1 TO A
157 PRINT N,R(N),E(N),Q(N)
158 NEXT N
159 FOR N=1 TO A
160 LET B1=B1+R(N)
165 LET B2=B2+(R(N)"2)
170 NEXT N
171 PRINT
180 LET M1=A-1 
190 LET M2=2 
200 FOR 1=1 TO Ml 
210 LET Q=R(I)
220 LET S=I 
230 FOR J=M2 TO A 
240 IF R(J)>=Q GOTO 270 
250 LET Q=R(J)
260 LET S=J
270 NEXT J
280 IF S=I GOTO 320
290 LET W=R(I)
300 LET R(I)=R(S)
310 LET R(S)=W 
320 LET M2=M2+1 
330 NEXT I 
340 PRINT
345 IF R(1X(E(1)/100) GOTO 352
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346 PRINT ’YOUNG S MODULUS'
347 PRINT
350 PRINT 'RANK','E(Pa)','Ln E ','LnLn(l/P)'
351 GOTO 360
352 PRINT 'MODULUS OF RUPTURE'
353 PRINT
355 PRINT 'RANK','MOR(Pa)','Ln MOR','LnLn(l/P)'
360 FOR N=1 TO A 
370 LET P=1-(N/(A+D)
380 LET Y=L0G(L0G(1/P))
390 LET X=LOG(R(N))
392 IF R(N)>l.E+08 GOTO 397
395 LET X5=LOG(R(N)/1.E+07)
396 GOTO 400
397 LET X5=L0G(R(N)/1.E+10)
400 LET X1=X1+X5
410 LET X2=X2+(X5"2)
420 LET Y1=Y1+Y 
430 LET Y2=Y2+Y*2 
440 LET Z=Z+(X5*Y)
450 PRINT N,R(N),X,Y 
460 NEXT N
470 LET M=(((X1*Y1)/N)-Z)/((X1"2/N)-X2)
480 LET X3=X1/N
490 LET X4=(X2/N)-((X1/N)*2)
500 LET Y3=Y1/N
510 LET Y4=(Y2/N)-((Y1*Y1)/(N*N))
520 LET Q=X4/Y4
530 LET Q=SQR(Q)*M
533 IF R(N)>l.E+08 GOTO 543
540 LET B=Y3-M*(X3+LOG(1.E+07))
542 GOTO 545
543 LET B=Y3-M*(X3+LOG(1.E+10))
545 PRINT
550 PRINT 'WEIBULL MOD.','CORR.COEFF.','INTERCEPT' 
560 PRINT M,Q,B 
570 LET M=B1/A
580 LET V=(B2/A)-M"2
581 IF A=2 THEN P9=12.706
582 IF A=3 THEN P9=4.303
583 IF A=4 THEN P9=3.182
584 IF A=5 THEN P9=2.776
585 IF A= 6  THEN P9=2.571
586 IF A=7 THEN P9=2.447
587 IF A= 8  THEN P9=2.365
588 IF A=9 THEN P9=2.306
589 IF A=10 THEN P9=2.262
590 LET S=SQR(V*A/(A-D)
591 IF A=ll THEN P9=2.228
592 IF A=12 THEN P9=2.201
593 IF A=13 THEN P9=2.179
594 IF A=14 THEN P9=2.16
595 IF A=15 THEN P9=2.145
596 IF A=16 THEN P9=2.131
597 IF A=17 THEN P9=2.12
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600 LET C=S*100/M
601 IF A=20 THEN P9=2.093
602 IF A=21 THEN P9=2.086
603 IF A=22 THEN P9=2.08
604 IF A=23 THEN P9=2.074
605 IF A=24 THEN P9=2.069
606 IF A=19 THEN P9=2.101
607 IF A=18 THEN P9=2.11
608 IF A=30 THEN P9=2.045
610 PRINT 'MEAN(Pa)’,' ’,'S.D.(Pa)’,’C.G.V.'
619 LET M1=P9*S/(SQR(A))
620 PRINT M : ' *:M1,S,C:'%'
626 LET B1=0
627 LET B2=0
628 LET X1=0
629 LET X2=0
630 LET X3=0
631 LET X4=0
632 LET X5=0
633 LET Y1=0
634 LET Y2=0
635 LET Y3=0
636 LET Y4=0
637 LET Z=0
800 IF R(l)>l.E+09 GOTO 1000 
810 FOR N=1 TO A 
820 LET R(N)=E(N)
830 NEXT N 
840 GOTO 159 
2000 LET B1=0 
2010 LET B2=0 
2020 FOR N=1 TO A 
2030 LET B1=B1+Q(N)
2040 LET B2=B2+Q(N)*2
2050 NEXT N
2051 PRINT
2052 PRINT 
2060 LET M=B1/N
2070 LET V=(B2/N)-M"2 
2080 LET S=SQR(V*N/(N-D)
2090 LET C=S*100/M 
2100 LET M1=(P9*S/SQR(A))
2110 PRINT 'L/D'
2120 PRINT 'Mean',' ','S.D.','C.O.V.'
2130 PRINT M:' ':M1,S,C:'%'
2999 PRINT
3000 PRINT 'PLOT'
3010 INPUT A$
3020 DEFINE FILE 1=A$
3030 FOR N=1 TO A 
3040 WRITE 1,Q(N),R(N)
3050 NEXT N 
3060 WRITE 1,99,99 
3070 CLOSE 1 
9999 END
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The following is an example of a DATA set which would be appended at 
the end of the above program 
90 PRINT 'MODULUS OF RUPTURE of 0.3 w/s OPC only at 20 C after 7 DAYS. 
L=70mm; B=25mm; D=14mm; L/D=5.'
1000 DATA .07
1001 DATA 22
1010 DATA 808,.02511,.01468,6.26587E-05,780,.02513,.01463,7.38477E-05 
1020 DATA 486,.02494,.01284,6.82532E-05,455,.023,.01354,6.71343E-05 
1030 DATA 562,.02324,.01339,7.16099E-05,593,.02314,.01345,9.51069E-05 
1040 DATA 672,.02392,.01368,9.51069E-05,698,.02296,.0138,8.72746E-05 
1050 DATA 515,.02354,.01411,6.48965E-05,432,.02337,.01317,6.04208E-05 
1060 DATA 340,.02359,.01297,6.04208E-05,675,.02371,.01341,8.50367E-05 
1070 DATA 911,.02402,.01409,9.3988E-05,655,.02391,.01385,9.28691E-05 
1080 DATA 634,.02428,.01253,9.06313E-05,576,.02348,.0141,6.93721E-05 
1090 DATA 794,.0237,.01438,8.168E-05,392,.02326,.01303,4.36373E-05 
1100 DATA 671,.023,.01375,5.93019E-05,510,.02379,.0135,5.03507E-05 
1110 DATA 458,.02329,.01309,5.14696E-05,605,.02267,.01354,5.8183E-05 
9999 END
10.2 "KICMASTER"
This program calculates the STRESS INTENSITY FACTOR of THREE POINT BEND 
SPECIMENS according to the BROWN and SRAWLEY formula.
50 PRINT
51 PRINT
55 DIM K(30)
56 DIM G(30)
57 DIM 0(30)
60 DIM H(30)
65 DIM 1(30)
70 DIM 0(30)
95 PRINT
100 PRINT 'N','P(N)','C(m)','D(m)','B(m)'
110 READ L,A
117 FOR N=1 TO A
120 READ P,B,D,C
123 LET G(N)=(3*P*L)/(2*B*(C"2))
125 LET C=D-C
130 PRINT N,P,C,D,B
140 LET X=C/D
150 LET Y=L/D
160 LET A5=1.9+(.0075*Y)
170 LET Al=-3.39+(.08*Y)
180 LET A2=15.4-(.2175*Y)
190 LET A3=-26.24+(.2815*Y)
200 LET A4=26.38-(.145*Y)
210 LET U=A5+(A1*X)+(A2*X*2)+(A3*X"3)+(A4*X"4)
220 LET K(N)=(3*P*L*(SQR(C))*U)/(2*B*D"2)
260 LET I(N)=X 
270 LET H(N)=Y 
280 NEXT N
285 PRINT
286 PRINT
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290 PRINT 'N','C/D','L/D','KIC','MOR'
292 PRINT ' '(N/m )’,’(Pa)'
300 FOR N=1 TO A
310 PRINT N,I(N),H(N),K(N),G(N)
320 NEXT N 
330 PRINT
340 LET M1=A-1
341 LET X1=0
342 LET X2=0
343 LET Y1=0
344 LET Y2=0
345 LET Z=0 
350 LET M2=2
360 FOR 1=1 TO Ml 
370 LET R=K(I)
380 LET S=I 
390 FOR J=M2 TO A 
400 IF K(J)>=R GOTO 430 
410 LET R=K(J)
420 LET S=J
430 NEXT J
440 IF S=I GOTO 480
450 LET W=K(I)
460 LET K(I)=K(S)
470 LET K(S)=W 
480 LET M2=M2+1
490 NEXT I
491 PRINT
493 IF K(l)>l.E+06 GOTO 498
494 PRINT 'KIC
495 PRINT 'Rank',' K I C ,'Ln K I C ,'LnLn(l/P)'
496 PRINT ' ','(N/mT )'
497 IF K(l)<l.E+06 GOTO 502
498 PRINT 'MODULUS OF RUPTURE'
499 PRINT 'Rank','MOR','Ln MOR','LnLn(l/P)'
500 PRINT ' ',’(Pa)'
502 FOR N=1 TO A
505 LET P=1-(N/(A+1))
510 LET Y=L0G(L0G(1/P))
512 LET X=LOG(K(N)/100000)
520 LET X1=X1+X 
525 LET X2=X2+X*2 
530 LET Y1=Y1+Y 
535 LET Y2=Y2+Y*2 
540 LET Z=Z+(X*Y)
542 LET X=X+LOG(100000)
545 PRINT N,K(N),X,Y
550 NEXT N
551 PRINT
555 LET M=(((X1*Y1)/N)-Z)/((X1*2/N)-X2)
560 LET X3=X1/N
565 LET X4=(X2/N)-((X1/N)*2)
570 LET Y3=Y1/N
575 LET Y4=(Y2/N)-((Y1/N)*2)
577 LET R=X4/Y4
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580 LET R=(SQR(R))*M 
585 LET B=Y3-M*X3
590 PRINT 'Weibull Mod.\ 'Corr. c o e f f I n t e r c e p t ' 
592 LET B=B-(M*LOG(100000))
595 PRINT M,R,B
596 PRINT
597 LET B1=0
598 LET B2=0 
600 FOR N=1 TO A 
610 LET BI=B1+K(N)
620 LET B2=B2+K(N)"2 
630 NEXT N
631 IF A=17 THEN P9=2.12
632 IF A=18 THEN P9=2.11
633 IF A=19 THEN P9=2.101
634 IF A=20 THEN P9=2.093
635 IF A=21 THEN P9=2.086
636 IF A=22 THEN P9=2.08
637 IF A=23 THEN P9=2.074
638 IF A=24 THEN P9=2.069
639 IF A=14 THEN P9=2.16
640 IF A=15 THEN P9=2.145
641 IF A=16 THEN P9=2.131
642 IF A=13 THEN P9=2.179
643 IF A=12 THEN P9=2.201
644 IF A=ll THEN P9=2.228
645 IF A=10 THEN P9=2.262
646 IF A=9 THEN P9=2.306
647 IF A = 8  THEN P9=2.365
648 IF A=7 THEN P9=2.447
649 LET M=BI/N
650 LET V=(B2/N)-MT2
651 IF A= 6  THEN P9=2.571
652 IF A=5 THEN P9=2.776
653 IF A=4 THEN P9=3.182
654 IF A=3 THEN P9=4.303
655 IF A=2 THEN P9=12.706 
660 LET S=SQR(V*N/(N-D)
670 LET C=S*100/M
675 LET M1=P9*S/SQR(A)
680 PRINT 'Mean*,' ','S.D.','C.O.V.'
690 PRINT M : ' ':M1,S,C:'%'
691 PRINT
692 PRINT
693 PRINT
694 PRINT
695 IF K(l)>l.E+06 GOTO 860 
820 FOR N=1 TO A
830 LET K(N)=G(N)
840 NEXT N 
850 GOTO 340 
860 REM 
2000 LET B1=0 
2010 LET B2=0 
2020 FOR N=1 TO A
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2030 LET B1=B1+I(N)
2040 LET B2=B2+I(N)"2 
2050 NEXT N 
2060 LET M=B1/N 
2070 LET V=(B2/N)-M"2 
2080 LET S=SQR(V*N/(N-D)
2085 LET C=S*100/M 
2090 LET M1=P9*S/SQR(A)
2100 PRINT 'C/D'
2110 PRINT 'Mean',' ','S.D.','C.O.V.'
2120 PRINT M : ' ':M1,S,C:'%'
3000 PRINT 
3010 LET B1=0 
3020 LET B2=0 
3030 FOR N=1 TO A 
3040 LET B1=B1+H(N)
3050 LET B2=B2+H(N)"2 
3060 NEXT N 
3070 LET M=B1/N 
3080 LET V=(B2/N)-M*2 
3090 LET S=SQR(V*N/(N-D)
3095 LET C=S*100/M 
3100 LET M1=P9*S/SQR(A)
3110 PRINT 'L/D'
3120 PRINT 'Mean',' ','S.D.','C.O.V.'
3130 PRINT M:' ':M1,S,C:'%'
9998 PRINT
9999 END
The following is an example of a DATA set which would be appended at 
the end of the above program
90 PRINT 'KIC of 0.3 w/s OPC only at 20 C after 28 DAYS. L=70mm; 
B=25mm;
D=14mm; C=4mm; C/D=.285714.'
1000 DATA .07 
1002 DATA 22
1010 DATA 193,.02471,.01355,.00987,181,.0246,.0142,.00967 
1020 DATA 190,.02447,.01381,.00965,191,.02462,.01355,.00971 
1030 DATA 186,.02334,.01351,.0097,182,.02339,.01423,.00967 
1040 DATA 181,.02325,.01422,.00998,180,.02326,.01368,.00997 
1050 DATA 185,.0243,.01361,.00987,188,.02395,.01347,.00991 
1060 DATA 176,.02446,.0138,.00971,191,.0239,.01386,.0092 
1070 DATA 168,.02466,.0138,.00972,185,.02424,.0138,.00951 
1080 DATA 172,.02452,.01357,.0098,183,.02411,.01346,.0099 
1090 DATA 177,.02402,.01454,.00993,184,.02449,.01394,.00993 
1100 DATA 174,.02442,.01394,.00982,177,.02361,.0133,.0097 
1110 DATA 149,.02444,.01463,.00949,196,.02446,.01375,.00991 
1120 DATA 167,.02637,.0137,.00967
The above computer programs were written in BASIC and run on the PRIME 
mainframe computer network at Surrey University. In addition to these 
programs, some of the existing "library software" was also used e.g. 
MINITAB for statistical analyses, and GINO based graph plotting 
routines.
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